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UNSTEADY  SUBSONIC  AND  SUPERSONIC  INVISCID  FLOW  * 

by 

Holt  Ashley 

Department  of  Aeronautics  & Astronautics 
Stanford  University 
Stanford,  Ca.  94305 
USA 


SUMMARY 

Paper  opens  with  a discussion  of  circumstances  under  which  the  neglect  of  viscosity 
still  yields  useful  results  in  the  analysis  of  time-dependent  airflows  external  to  shapes 
of  aeronautical  Interest.  The  corresponding  physical  laws  are  reduced  to  a single  dif- 
ferential equation,  which  governs  the  velocity  potential.  Determinate  mathematical  pro- 
blem statements  are  summarized,  capable  of  predicting  aerodynamic  loads  to  first-or 
second-order  in  small  disturbances  superimposed  upon  a uniform  airstream.  Arbitrary 
small  motions  are  emphasized. 

Within  this  framework.  Important  methods  of  solution  are  summarized,  along  with  some 
results  of  recent  research  and  needs  for  the  future.  From  fully  linearized  potential 
theory,  information  is  reviewed  on  Isolated  lifting  surfaces,  slender  bodies  and  inter- 
fering configurations  in  flight  below  and  above  the  ambient  speed  of  sound.  The  sonic 
limit  of  linearized  theory  is  assessed.  The  findings  of  AGARD's  comparative  studies  on 
selected  wing  planforms  and  on  interfering  systems  are  recalled. 

A briefer  discussion  is  presented  on  the  progress  and  promise  of  second-order 
approximations,  such  as  local  linearization  and  numerical  solution  of  the  field  differ- 
ential equations.  Finally  speculations  are  offered  about  the  increasing  significance 
of  numerical  fluid  dynamics  as  a practical  approach  to  unsteady  flow  phenomena. 


I . INTRODUCTION 

In  order  to  remain  consistent  with  the  apparent  purposes  of  this  session,  I shall 
generally  confine  myself  to  discussing  the  time-dependent  external  flow  of  perfect  gas 
produced  by  the  motion  of  one  or  more  submerged  objects.  Furthermore,  I shall  emphasize 
circumstances  where  analysis  is  facilitated  because  the  direct  effects  of  viscosity  and 
heat  conductivity  can  be  neglected.  Attention  is  therefore  focussed  on  "streamlined" 
configurations  with  relatively  small  surface  slopes  and  angles  of  attack  relative  to 
their  direction  of  mean  motion;  blunted  noses  and  leading  edges  are,  of  course,  often 
acceptable.  As  has  frequently  been  remarked,  one  of  the  miracles  of  Twentieth  Century 
fluid  dynamics  is  that  we  have  learned  when  and  how  to  account  quite  effectively  for 
viscosity  and  even  (unseparated)  turbulence  without  necessarily  including  these  phenomena 
in  the  equations  of  motion. 

With  certain  exceptions,  I also  rule  out  the  presence  of  strong,  curved  shocks  and 
other  mechanisms  which  might  release  distributed  vorticity  into  fluid  which  was  Initially 
irrotational.  Thus  I accept  the  exclusion  of  fully  hypersonic  flows.  Later,  however,  I 
hope  to  convince  the  audience  that  it  is  arbitrary  and  indefensible  to  eliminate  any 
reference  to  "transonic"  from  a session  concerned  with  Mach  Numbers  M.  both  below  and 
above  unity.  In  passing  I mention  that,  within  the  framework  of  linearized  theory,  there 
is  a well-known  equivalence  between  airloads  caused  by  steady  flight  through  a disturbed 
medium  (e.g.,  atmospheric  turbulence)  and  by  analogous  deformations  of  the  same  body 
flying  in  still  air.  A subject  which  deserves  more  study  is  whether  such  analogies  can 
be  preserved  when  the  flow  disturbances  are  not  necessarily  small. 

Although  my  invitation  solicited  a review  paper,  I suggest  that  a really  comprehen- 
sive summary  of  recent  developments  in  our  field  would  be  presumptuous,  superfluous,  and 
practically  impossible.  The  number  of  specialist  conferences,  survey  papers,  meeting 
sessions  and  round-table  discussions  devoted  to  unsteady  fluid  mechanics  during  the  past 
few  years  is  almost  intimidating.  AGARD's  contribution  has,  by  itself,  been  quite  impres- 
sive. Among  their  surveys,  one  can  cite  Volvunes  II  and  VI  of  the  ^nual  on  Aeroelasticity 
(Mazet,  1968)  with  particular  notice  of  the  supplements  by  Woodcock  (1971)  and  Rodden 
(1976a) , as  well  as  Rodden  (1976b)  and  the  activities  of  three  Panels  [Many  authors  (1975a) , 
NcCroskey  (1975),  Many  authors  (1977),  and  the  present  proceedings].  Outside  of  AGARD's 
purview  and  just  in  the  U.S.,  there  have  been  portions  of  at  least  two  contemporary  NASA 
Conferences  [Many  authors  (1967a),  Many  authors  (1975b) ],  the  Tucson  meeting  (Kinney,  1975),  j 

the  13th  von  KarMn  Lecture  (Garrick,  1976),  McCroskey  (1976)  and  others.  Finally,  ses-  | 

sions  at  each  AIAA  Structures,  Structural  Dynamics  and  Materials  Conference  summarize  ■ 

selected  developments  in  unsteady  flow,  not  to  speak  of  the  1977  Dynamics  Specialist  j 

Conference,  from  which  several  papers  receive  comments  in  what  follows.  Additional  sources  j 

of  review  Information  could  be  recalled,  yet  surely  there  are  also  some  of  which  I am  not  i 

aware. 


^Preparation  of  this  paper  was  supported  in  part  by  the  Air  Force  Office  of  Scientific 
Research  under  Contract  AFOSR  74-2712. 
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Let  me  add  that  a particularly  welcome  development  is  that  much  of  this  effort  goes 
beyond  the  limitations  to  small  perturbations  and  Irrotationallty , which  dominated  the 
first  four  decades  of  unsteady  flow  theory.  We  now  observe  serious  and  sophisticated 
attention  being  paid  to  both  the  measurement  and  analysis  of  time-dependent  boundary 
layers,  intermittent  separation,  helicopter  rotors  in  forward  flight,  and  nonlinear  phe- 
nomena in  rotating  machinery. 

Faced  with  this  renaissance  in  research  — and  the  evaluation  of  research  — I have 
no  choice  but  to  be  selective  and  nearly  idiosyncratic  in  my  choice  of  citations.  If 
important  work  is  omitted,  its  oversight  could  well  be  unintentional.  I must  offer  the 
customary  apology  with  regard  to  any  contribution  more  deserving  of  notice  than  its 
counterparts  in  my  reference  list. 

Several  other  papers  on  the  present  program  relieve  me  of  other  responsibilities; 

I they  need  not  all  be  referenced  here.  Important  examples  are  the  subjects  of  internal 

r flows,  rotating  machinery  and  helicopter  rotor  aerodynamics.  Relative  to  propulsion 

I systems  and  turbomachinery,  I do  wish  to  call  attention  to  portions  of  a special  issue 

i of  Journal  of  Aircraft  (Walker,  1975),  to  the  lUTAM  Symposium  (Many  authors,  1976b),  and 

to  the  interesting  survey  of  aeroelasticity  by  Fleeter  (1977) . 


r , 
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II.  FORMULATION  OF  THE  PHYSICAL  LAWS 

I begin  my  review  by  recalling  several  ways  in  which  the  physics  of  unsteady  flow 
can  be  embodied  in  differential  equations  and  (soundary  conditions.  This  is  familiar 
ground,  but  I am  thus  able  to  emphasize  both  the  abundance  of  dependent  variables  that 
are  available  for  this  purpose  and  the  hierarchy  of  approximations  wherefrom  the  interested 
mathematician  or  computer  scientist  may  select. 

Figure  1 Illustrates  the  typical  situation  with  which  I am  concerned.  External  to 
boundary  layers  and  wakes  produced  by  this  vehicle's  translation  and  rotation,  the  fluid 
motion  is  described  by  a vector  field  of  the  particle  velocity  d , whose  Cartesian  com- 
ponents can  be  defined  as 

there  are  also  coupled  scalar  fields  of  properties  like  static  pressure  p and  density  p . 
These  quantities  are,  of  course,  governed  by  the  principles  of  mass  conservation,  momentum 
conservation  and  thermodynamics.  If  one  assumes  a thermally  and  calorically  perfect  gas 
with  constant  specific-heat  ratio  y , these  principles  can  be  expressed  (e.g.,  Ballhaus, 
1976)  as  a first-order  matrix  differential  equation  — a form  which  has  proved  convenient- 
for  numerical  computation: 


*2  ♦ II  4.  4.  15 

it  3z  3y  3z 
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(2) 


Here  x,y,z  constitute  any  inertial  and  rectangular  coordinate  system,  and  t 
The  four  column  matrices  or  S-vectors  in  (2)  may  be  written 
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The  extra  unknown  in  (2)  - (3)  is  a "total  energy  per  unit  volume*  e . For  steady  or 
unsteady  motions,  it  is  connected  with  the  others  by  an  algebraic  "equation  of  state* 

P - (y- 1)  - I (u^  + v^+w^)j  j 


The  full  complement  of  boundary  conditions  will  be  discussed  later.  I recall  here, 
however,  that  shock  discontinuities  can  occur  when  locally  Q |Q|  is  supersonic,  i.e., 
when  the  local  Mach  number 

M 5 S . Q (!£)-%  (5) 

• P 

exceeds  imity.  In  the  past  shocks  were  usually  treated  as  boundaries  for  subdivided  fields 
of  the  flow,  across  which  the  Rankine-Hugoniot  jump  conditions  were  enforced.  An 
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interesting  discovery  of ^inodern  computational  fluid  dynamics  is  that  suitable  discreti- 
zations of  (2)  - (4) , or  of  certain  potential  equations  listed  below,  are  able  to  "capture" 
the  approximate  locations  and  strengths  of  shocks  as  an  Intrinsic  part  of  the  numerical 
solution. 

Under  familiar  circumstances  frequently  encountered  in  aeronautical  applications, 
the  flow  is  nearly  irrotational , the  curl  of  Q may  be  assumed  to  vanish  everywhere,  and 
a scalar  potential  ♦ exists  such  that 


These  same  circumstances  imply  constant  entropy  and  a simple,  universal  relation  between 
p and  p . The  mass  and  momentum  principles  can  then  be  manipulated  (cf . Sect.  1-7  of 
Ashley  & Landahl,  1965)  to  yield  a single  differential  equation 
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Also  required  is  a formula  for  sound  speed  a . For  example,  if  conditions  remote  from 
the  body  are  uniform  with  a = a^  and  particle  speed  U^,  I can  write  it 
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(Body  forces  are  neglected.)  For  calculating  aerodynamic  loads  under  these  conditions, 
one  needs  an  expression  for  p ; the  familiar  dimensionless  Bernoulll-Kelvin  equation  is 


C 

P 


P-P, 

*5  p.ui 


(9) 


I can  state  the  kinematic  boundary  condition  that  goes  with  (7)  in  a situation  like 
Fig.  1 "exactly"  as  (cf.  Sect.  F,3  of  Garrick,  1957) 
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to  be  enforced  at  the  surface  S(x,y,z,t)  = 0 of  each  impermeable  body. 
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is  the  "substantial  derivative."  Equation  (10)  is  essentially  a specification  of  the 
particle  velocity  component  v normal  to  S . For  slender  wings  and  Ipodies,  respectively, 
(10)  is  usually  rearranged  so  as  to  prescribe  explicitly  the  Z-component  w and  the 
radial  component  v^  (polar  coordinates  centered  in  the  axisymmetric  body) . 

Garrick  (1957)  mentions  four  other  classes  of  Ijoundary  conditions: 

• Edge  conditions,  typically  Kutta's  requirement  for  smooth  flow  or  nonsingular  pressure 
at  a sharp  trailing  edge. 

• Wake  conditions , which  call  for  free  vortices  shed  from  trailing  edges  to  follow  the 
^luld  motion  and  to  obey  the  Helmholtz  theorems.  Wakes  show  up  in  small-disturbance 
theory  as  characteristic  surfaces,  across  which  4 is  discontinuous  but  p and  v 
have  zero  jumps. 

• Conditions  at  infinity,  where  properties  uniformly  approach  their  (•••)^  values  and 
wave  trains  propagate  away  from  their  sources. 

• Other  conditions,  such  as  jumps  at  shocks  and  prescribed  zones  of  influence  or  silence 
in  supersonic  flows. 

As  I proceed  through  the  hierarchy  of  approximations  that  have  been  made  to  (7)  - (9) 
and  their  auxiliary  formulas,  it  is  useful  for  present  purposes  to  stick  with  the  case  of 
steady  mean  flight  when  U^  is  parallel  to  the  x-direction.  Almost  universally,  one  then 
replaces  4 with  the  disturbance  potential  4 , defined  by 


♦ ■ X + 4 (x,y,z,t) 


(12) 


• 

See,  for  instance.  Sect.  2.4  of  Ballhaus  (1976)  and  references  given  therein,  where  the 
subject  is  discussed  in  the  context  of  small-disturbance  transonic  flow.  I recognize. 
Incidentally,  that  propagating  shocks  may  also  appear  in  \insteady  flows  under  locally 
subsonic  conditions,  but  they  are  not  important  for  the  topics  of  this  survey. 
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or  the  equivalent.  I mention,  however,  that  the  literature  contains  several  studies  of 
accelerated  or  sinuous  flight.  A notable  exeunple  is  the  extensive  work  of  Wu  and  his 
colleagues  (e.g. , Wu,  1971,  Chopra  1977),  wherein  2-d,  and  more  recently  3-D,  incompres- 
sible theory  is  extended  to  problems  connected  with  locomotion  of  fish  and  birds.  The 
proper  reference  frame  for  quantifying  physical  laws  in  these  cases  seems  to  me  to  be  one 
attached  to  the  fluid  at  rest. 


I see  no  profit  in  writing  out  the  components  of  (7)  or  the  corresponding  complete 
equation  for  i . Perhap|  more  interesting  is  the  way  it  reduces  when  cubes  of  small  dis- 
turbances are  neglected  : 
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(Subscript  notation  is  used  for  partial  derivatives  when  convenient.)  There  are  in  the 
literature  a few  instances  where  (13)  has  been  usefully  solved  in  2-D  unsteady  flow.  A 
notable  case  is  Van  Dyke  (1954)  for  the  supers(  nio  oscillating  airfoil.  Landahl  (1957) 

_2 

carried  out  ar.  expansion  in  M and  calculated  the  influence  of  airfoil  thickness  on 
unsteady  lifting  loads;  he  made  the  common  assumption  that  thickness  ratio  e is  large 
compared  to  excursions  in  the  angle  of  attack  a. 


Under  the  full-blown  small-disturbance  approximation,  one  usually  finds  (13)  reduced 


to 


(I-M)*  +♦  +♦ 

■"  XX  yy  zz 


2H 

OD 

~ 


(14) 


The  physics  here  are  precisely  the  same  as  in  acoustic  wave  theory  for  a uniform  medium. 


When  is  close  to  unity,  however,  it  is  now  well  known  that  other  versions  of  (13) 

must  be  employed;  an  excellent  treatment  of  the  various  forms  and  corresponding  ranges  of 
the  governing  pareuneters  is  given  in  Chapter  1 of  Landahl  (1961) . Choose  k to  represent 
some  dimensionless  measure  of  flow  "unsteadiness,"  such  as  reduced  frequency  based  on 
semi-chord.  Then  to  make  a long  story  perhaps  too  short,  when  k and  |l  -H  | are  of  the 
same  order  of  magnitude  for  motion  of  an  airfoil  or  large-aspect-ratio  wing  t!ie  following 
form  applies: 
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On  the  other  hand,  in  highly  unsteady  flow  over  wings,  when  everywhere 

k » I 1 - I , 


(16) 


one  should  use  the  fully  linearized  transonic  version 
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In  general,  the  approximation  to  pressure  equation  (9)  which,  for  wings,  is  consistent 
with  (14) , (15)  or  (17)  reads 


-2  (-L-L  + _1_  ± \ . 
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(18) 


For  bodies  of  revolution  and  the  like,  however,  found  to  be  0(€  ItncI),  whereas 

4,/V„  remain  0(c)  . Then  the  nonlinear  terms 
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should  be  added  to  (18). 


I believe  more  study  should  be  devoted  to  the  suggestion  that  solutions  of  (13)  or  of 
the  SMll-disturbance  equations  be  Inserted  back  into  the  "exact"  (9)  when  airloads  are 
being  calculated.  Although  mathematically  inconsistent,  some  such  scheme  might  be  combined 


In  the  presence  of  steady  or  nearly  steady  shocks,  (13)  is  consistent  with  the  assumption 
of  isentropy.  For  further  discussion  of  shocks  and  potential  flow,  see  Jameson  (1976) 
among  other  references. 


1-5 


with  partially  nonlinear  kinematic  boundary  conditions  (e.g. , see  Appendix  C of  Rowe, 
Redman  and  Ehlers,  1975).  Especially  in  subsonic  and  lower  supersonic  flows,  I suspect 
that  the  linearity  of  the  field  differential  equation  may  be  the  least  restrictive  part 
of  the  reduced  problem  statement,  and  the  suggested  steps  might  " nonlinearize"  two  other 
principal  parts  of  this  statement  without  a severe  computational  penalty. 

Linearized  versions  of  the  boundary  condition  (10)  will  be  skipped  at  this  stage. 

I remark  that  a condition  on  v^  = consistent  for  wings  with  the 

second-order  (13),  can  be  constructed  by  Taylor  expansion  in  z (cf.  Landahl,  1957). 

Another  neglected  tool  of  nonlinear  irrotational  flow  theory  is  Prandtl's  acceler- 
ation potential 


• • - / 
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This  scalar  function  of  position  and  time  is  inherently  a disturbance  quantity, 
comes  from  the  formula  for  particle  acceleration. 


(19) 


Its  name 
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which  one  readily  deduces  from  Euler's  equations  of  motion  when  p = p(p).  Garrick  (1957, 
pp.  663-4)  discusses  f but  gives  no  "exact"  differential  equation.  My  own  investigation 
has  not  yielded  a convenient  single  equation,  but  the  following  coupled  relations  between 
4 and  ¥ embody  the  same  physics  as  (7) : 
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The  sound  speed  is  connected  to  f by  the  simple  formula 

2 2 (22) 
» - - (y-1)  ¥ ' 

Also  for  the  constant  - y isentropic  case,  I derive  the  convenient  Bernoulli  equation 


whence 
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(23b) 


The  kinematic  boundary  condition  which  governs  ¥ at  S = 0 specifies  the  normal 
acceleration  in  a not-so-attractive  form: 

7S.7¥--|-^  + 25-  + $ • [5  • 7{7S)]  I (24 

Other  boundary  conditions  may  be  easier  to  deal  with,  in  that  they  require  ¥ not  only 
to  die  out  at  infinity  but  to  be  Continuous  everywhere  in  the  external  flow  except  at 
shock  surfaces. 

Let  me  propose  that  the  system  (21)  might  offer  a worthy  topic  of  research  in  the 
field  of  computational  fluid  dynamics  — perhaps  as  a vehicle  for  large-disturbance 
subsonic  flow  prediction.  The  second-order  reductions  of  (21)  and  (24)  might  have  some 
analytical  interest.  Finally,  I recall  the  linearized  version 
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which  has  already  proved  so  useful  as  an  alternative  to  t in  the  treatment  of  thin 
lifting  wings.  It  is  an  easy  matter  to  eliminate  the  nonlinearitles  between  (21a)  and 
(21b) , thus  verifying  the  well-)cnown  result  that  the  perturbation  pressure  is  also 
governed  by  (14) . 

Within  a fully  linear  frameworlc,  I remind  that  Landahl  & Star)c  (1968)  furnish  the 
reader  with  informative  comparisons  among  the  numerous  ways  in  which  the  foregoing  tools 
may  be  adapted  to  deal  with  a single  class  of  unsteady  flows.  They  concentrate  on  thin 
lifting  wings  (or  systems  of  planar  wings)  in  subsonic  or  supersonic  flight,  reviewing 
for  sinusoidal  motions  almost  every  Icnown  alternative  problem  statement  and  scheme  of 
solution.  Woodcoc)c  (1971)  furnishes  a similar  morphology,  in  the  context  of  AGARO's 
comparative  study  of  planar  surfaces. 


III.  RECENT  PROGRESS  ON  LINEAR  THEORY 

I begin  this  discussion  with  the  observation  that  the  bul)c  of  work  on  both  subsonic 
and  supersonic  flows,  where  Eq.  (14)  with  4>  or  Y as  dependent  variable  is  the  usual 
starting  point,  involves  the  assumption  of  steady-state  simple  harmonic  motion.  Thus 
every  entry  in  the  tables  of  Woodcock  (1971)  is  for  a particular  value  of  * k = us/U.. 

For  flutter  prediction,  aerodynamic  transient  analysis,  control  system  design  and  several 
other  purposes  it  would  be  convenient  to  have  solutions  directly  incorporating  arbitrary 
time  dependence.  Inasmuch  as  I believe  the  appeal  to  "Fourier's  theorem"  is  not  entirely 
satisfactory,  I plan  to  describe  below  a promising  new  approach  due  to  Edwards  (1977). 

Irrespective  of  this  time  dependence,  the  linear  approximation  artifically  gives  rise 
to  a bewildering  variety  of  singular  behaviors  in  the  load  distribution  on  thin  lifting 
surfaces.  Although  this  phenomenon  received  occasional  systematic  discussion  in  the 
literature  (cf.  Landahl  (1968)  and  Ashley  (1971) , only  the  more  significant  subset  of 
these  singularities  (e.g. , the  subsonic  leading-edge  infinity,  control  leading-edge 
logarit)un,  infinite  slopes  at  sides  and  subsonic  trailing  edges)  are  carefully  accounted 
for  in  any  existing  theories.  Others  have  been  avoided  by  such  strategems  as  rounding  off 
the  pointed  vertex  at  the  centerline  of  a symmetrical  swept  wing  (see  Sect.  1.5  of  Woodcock, 
1971).  Actually  there  are  at  least  four  other  situations  similar  to  this  vertex.  All 
five  are  identified  by  Roman  numerals  in  Fig.  2,  taken  from  the  recent  dissertation  by 
Medan  (1976).  Therein  he  reviews  the  local  mathematical  treatment  of  each  corner,  providing 
new  corrected  solutions  for  the  vicinity  of  IV  and  V.  Because  their  influence  is  limited 
to  "exponentially  small"  regions,  I would  recommend  against  further  attempts  to  incorporate 
them  into  present  kernel  function  methods  — there  are  more  profitable  occupations  for  the 
mathematical  aerodynamicist.  Moreover,  finite  element  methods  like  the  doublet  lattice 
and  supersonic  box  schemes  tend  to  deal  cavalierly  with  all  the  singularities,  yet  they 
are  often  successful  for  practical  airload  predictions. 

3.1  Almost  Planar  Wings 

In  my  opinion,  the  AGARD  study  published  by  Woodcock  (1971)  demonstrated  that  subsonic 
and  supersonic  theory  for  lifting  surfaces  has  matured.  Even  to  quite  high  reduced  fre- 
quencies for  complex  deformation  modes  of  very  general  3-0  planforms,  the  best  mechaniza- 
tions of  this  theory  may  be  used  confidently  in  practical  applications.  Because  they 
approximate  the  true  upwash  distributions  with  sets  of  smooth  and  continuous  functions, 
at  M»  < 1 my  preference  is  for  the  so-called  kernel  function  methods.  Among  the  best 
exeunples  are  the  work  of  Laschka  (1963),  Davies  (1976),  Rowe  and  collaborators  (1975,1976) 
but  several  others  might  equally  well  have  been  cited. 

It  is  instructive  to  study  the  many  tables  of  generalized  aerodynamic  forces,  for  the 
five  AGARO  planfoinms,  contained  in  Woodcock  (1971).  In  those  cases  where  several  indepen- 
dent calculations  are  set  side  by  side  — and  when  one  selects  what  appears  to  be  the  best- 
converged  result  from  any  given  method  — my  conclusion  is  that  the  entries  generally 
differ  by  no  more  than  a few  per  cent.  In  the  most  favorable  cases  (e.g.,  the  larger  gen- 
eralized forces  at  low  k on  the  M«.  = 0 circular  Wing  #1)  the  disagreements  average 
less  than  one  per  cent.  In  order  to  illustrate  a procedure  I have  found  useful  for  eval- 
uating some  of  these  results.  Figs.  3,4  and  5 take  three  of  the  wings  in  compressible  flow 
and  plot  the  lift  force  due  to  pitching  oscillation 
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vs.  reduced  frequency  in  such  a way  that  the  high-k  piston  theory  limit  is  readily  Included. 
Betails  of  the  chosen  exeunples  are  given  in  the  captions.  Except  for  my  own  k -*•  » compu- 
tations, only  tabulated  numbers  are  shown  without  any  attempt  to  pass  curves  through  them. 
But  my  experience  with  plotting  k at  fixed  M<„  suggests  that  such  curves  should  be 

1 

Here  u is  circular  frequency  and  s is  the  wing  semispan,  picked  as  a reference  length. 
Universally  one  uses  the  complex  form;  e.g.. 


♦ (x.y.z.t)  - Re  |♦(x,y,z)  | 


1-7 


quite  smooth,  even  through  where  the  abscissa  undergoes  an  inversion.  Recognizing 

that  piston  theory  constitutes  a limit  that  should  be  approached  unifonrly,  I see  nothing 
in  these  graphs  and  others  like  them  to  shake  my  confidence.  There  is,  of  course,  a 
familiar  difficulty  with  linearized  theory  as  k -»  0 at  M.  > 1 which  is  apparent  in 
Fig.  4.  Moreover,  one  might  be  a little  concerned  about  the  quantitative  precision  of 
the  real  part  of  0^2  k>4  in  the  supersonic  exeunple  (Fig.  5). 

When  studying  controls  (as  well  as  complete  wings),  I believe  it  important  to  dis- 
tinguish the  question  of  whether  linearized  theoretical  solutions  are  well-converged  from 
the  more  difficult  issue  of  comparisons  with  measured  data.  For  aerodynamically-unbalanced 
flaps  with  essentially  sealed  gaps,  the  best  computer  programs  seem  to  have  achieved 
convergence.  Rowe  et  al.  (1975)  not  only  give  thorough  attention  to  the  former  issue  but 
also  provide  a rich  collection  of  theory  vs.  experimental  plots  — steady  and  oscillatory, 
generalized  forces  and  chordwlse  pressure~?istrlbutions.  The  three  ex2unples  chosen  for 
reproduction  as  Figs.  6,7,  ( 8 all  relate  to  low  H<»  (see  captions  for  details  t data 
sources) , but  high  subsonic  M.  is  also  covered.  They  and  other  comparisons  like  them 
seem  accurate  enough  to  suggest  that  future  research  directions  should  now  be  aimed  at 
breaking  out  of  the  constraints  imposed  by  the  small-disturbance,  inviscid  approximation 
in  parameter  ranges  where  it  is  not  acceptable. 

Because  of  my  preference  for  smooth  upwash  and  loading  functions,  I shall  say  little 
about  finite-element  (e.g.,  doublet  lattice)  methods  for  subsonic  flow.  In  fairness,  it 
seems  that  the  work  of  Albano  and  Rodden  (1969)  arrived  too  late  for  an  adequate  evaluation 
) in  the  AGARO  planar  wing  "competition."  For  Interfering  surfaces,  their  and  similar 

procedures  have  proved  quite  successful  and  seem  often  to  have  an  edge  over  the  kernel 
function  in  computer  time  required  to  yield  given  results.  On  the  other  hand,  there  are 
still  indications  of  convergence  difficulty  at  the  higher  k's  [see,  for  instance,  some  of 
the  results  on  Figs.  18  and  19  of  Pollock  and  Huttsell  (1974)  and  Fig.  9 of  Woodcock 
(1971)}.  I am  also  influenced  by  the  quotation  relative  to  Dutch  experience  from  Roos 
and  Zwaan  (1972) , "for  the  cases  which  were  calculated  at  the  NLR  with  txsth  the  doublet- 
lattice  method  and  the  kernel  method  the  calculation  times  ...  were  of  the  same  order." 

* 

At  supersonic  speeds  finite-element  or  box  methods  seem  generally  less  objectionable, 
because  the  associated  upwash  distributions,  although  discontinuous,  avoid  infinite  behav- 
ior. It  is,  nevertheless,  refreshing  to  see  progress  (e.g.,  Cunningheun,  1974)  toward 
efficient  mechanization  of  the  kernel  function  approach  for  Mo  > 1 . Among  the  box  methods, 
which  generate  direct  matrices  of  " aerodyn2unic  influence  coefficients,"  I should  mention 
the  introduction  by  Appa  and  Smith  (1972  and  1973,  eunong  many  references)  of  the  arbitrary 
triangular  area  element.  Not  only  does  this  bypass  the  familiar  difficulties  with  repre- 
senting swept  leading  and  trailing  edges,  but  it  harmonizes  better  than  other  element 
shapes  with  computational  techniques  used  for  describing  structural  deformation. 

Among  other  recent  contributions  to  the  discrete  solution  of  oscillatory  supersonic 
lifting  surface  loadings,  the  following  certainly  merit  reference:  Giesing  and  Kalman 
(1975)  ; Jones  and  Appa  (1977)  , who  adopt  the  chordwlse  derivative  of  as  their  lutknown; 
Young  (1976)  and  Haviland  and  Yoo  (1976). 

Relative  to  the  subject  of  planar  wings,  current  activity  is  so  diversified  and  rich 
that  I find  it  necessary  to  close  this  section  with  an  almost  random  list  of  citations: 

• Work  of  the  Princeton  group  (e.g.,  Williams  et  al. , 1977)  on  wings  in  parallel  shear 
flows. 

• Contributions  by  Amlet  (1975,  1976)  to  low-  and  high-frequency  approximations  to  the 
loading  on  2-D  airfoils  oscillating  in  subsonic  flow. 

• Cheng's  (1975)  use  of  matched  expansions  to  generalize  lifting-line  theory  for  the 
unsteady  case. 

• An  interesting  attempt  (Utv,  1975)  at  extending  Woodward's  scheme  to  the  oscillating 
wing. 

• The  new  "piecewise  continuous"  kernel- function  approach  proposed  by  Nissim  and  Lottati 
(1977) . 

• Several  recent  contributions  by  Jordan,  notably  his  better  approximation  (1976)  for 
the  subsonic  kernel  function  and  his  efforts  (1978)  to  improve  the  reliability  of 
generalized  forces  and  unsteady  gust  loads  for  3-D  wings  in  incompressible  flow. 

• The  publication  of  more,  and  more  accurate,  wind  tunnel  measurements  to  serve  as 
standards  of  reference  for  all  theory.  I find  the  low-speed  data  for  wings  of 
intermediate  aspect  ratio,  reported  by  Patel  at  this  Symposium,  of  particular  interest. 
In  addition  to  verifying  the  theory  quite  satisfactorily,  a unique  attempt  is  made 

to  justify  the  principle  of  superposition  upon  which  all  such  analysis  depends. 


3 . 2 The  Specialization  of  Linearized  Wing  Theory  to  M..  - 1 

In  my  view,  an  organic  feature  of  the  theories  discussed  in  Sect.  3.1  is  their  limiting 
transonic  behavior  as  M„  ■» 1 from  below  or  above.  The  resulting  linear  approximation, 
governed  at  M.  • 1 by  (17),  has  of  course  been  discussed  and  extensively  applied  by  Landahl 
(1961).  It  emisodies  a similarity  law  (Landahl,  1961,  sect.  1.8)  which,  at  the  least, 
furnishes  the  slope  near  M.  « 1 for  plots  of  generalized  force,  etc.,  M„  at  fixed  k. 


For  the  current  best  version  of  the  durable  Mach  box  scheme  see  Chlpman  (1976). 
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Perhaps  greater  effort  should  be  devoted  to  mapping  out  for  3-D  wings  the  boundaries 
of  its  practical  utility  as  a flutter-  prediction  tool  and  the  like.  The  limitation 
implied  by  (16)  may  well  be  too  severe  at  moderate  reduced  frequencies  when  the  aspect 
ratio  is  not  very  large.  From  the  comparisons  in  his  Figs.  1.7  and  1.8,  Landahl  nukkes 
clear  that  wings  with  highly-swept  leading  edges  are  much  more  susceptible  of  linearized 
treatment  than  is,  for  example,  a rectangular  planform. 

A quantitative  way  of  determining  accuracy  is  by  comparison  with  more  rigorous 
theories,  although  this  approach  tends  to  be  confined  to  2-D  flow  where  the  best  standards 
of  reference  exist.  One  good  example  is  the  work  of  Stahara  and  Spreiter  (1973) , from 
which  Fig.  9 is  reproduced.  Their  nonlinear  method  uses  local  linearization  to  apply  a 
thickness  correction  to  the  tiriikteady  airloads.  For  the  6%-thick  biconvex  profile,  oscil- 
lating in  pitch  about  a leading-edge  axis,  the  magnitude  and  phase  of  the  lifting  chord- 
wise  pressure  distribution  are  plotted  for  several  values  of  k s uc/2U«  and  compared, 
on  the  right,  with  wholly  linear  results.  The  authors  conclude  satisfactory  agreement  for 
the  magnitude  at  k>.0.5  and  for  the  phase  at  k>.1.0.  Since  this  2-D  case  offers  the 
severest  test,  I feel  that  the  simpler  theory  can  be  used  with  confidence  at  considerably 
lower  k on  many  3-D  wings  encountered  in  practice. 


Dangerous  failures  of  pure  linearization  will  be  encountered,  however,  whenever  shocks 
of  significant  strength  exist  somewhere  along  the  chord  and  are  forced  to  move  and  change 
strength  significantly  by  the  motion.  A dreunatic  instance  of  such  failure  is  provided  by 
the  transonic  flutter  study  recently  reported  by  Farmer  and  Hanson  (1976).  Two  flexible 
wings,  with  44*  leadlna-edge  sweep,  identical  olanforms  and  similar  elastic  t inertial 
properties,  were  tested  up  to  neutral  stability  by  increasing  operating  pressures  at 
eleven  Mach  numbers  (0.6^M<1.1)  in  the  Transonic  Dynamics  Tunnel,  NASA  Langley  Research 
Center.  The  profile  sections  had  equal  thickness  ratios  but  differed  in  that  one  was 
"conventional"  whereas  the  other  was  a supercritical  airfoil  shape,  which  weakens  the  upper 
surface  shock  and  drives  it  aft.  Up  to  M<c  = 0.85,  kernel  function  predictions  matched 
both  sets  of  flutter  dynamic  pressures  and  frequencies  quite  well.  Figure  14  of  Farmer 
and  Hanson  (copied  as  Fig.  10  here)  shows  what  happened  to  the  two  boundaries  in  the  tran- 
sonic range,  after  the  data  were  adjusted  to  account  for  minor  differences  between  the 
model  stiffnesses.  The  separation  between  these  curves  must  be  attributed  entirely  to 
aerodynamic  nonlinearity,  and  it  is  especially  noteworthy  because  flutter  speed  is  often 
rather  insensitive  to  small  changes  in  most  terms  of  the  generalized-force  matrix.  The 
reduced  frequency  (based  on  mean  aerodynamic  chord)  is  estimated  around  0.17  at  the  sonic 
flutter  point  — a value  which  is  clearly  too  low  for  one  to  expect  satisfactory  precision 
from  complete  linearization. 

3.3  Some  Comments  on  Slender  Bodies 


For  pointed,  streamlined  shapes  both  of  whose  characteristic  dimensions  normal  to  the 
flight  direction  are  small  fractions  of  the  length,  we  have  tended  to  rely  heavily  on 
generalizing  the  classical  slender-body  approximation  (e.g..  Ward,  1955).  Various  defi- 
ciencies of  this  convenient  idealization  have  been  pointed  out,  far  too  often  for  them 
to  be  summarized  here.  Among  the  corresponding  theoretical  improvements,  expansion  in 
powers  of  the  thickness  ratio,  local  linearization,  and  solutions  of  (14)  with  boundary 
conditions  at  the  mean  body  surface  (rather  than  in  the  limit  r->'0)  are  typical  of  the 
methods  employed.  Surprisingly,  I do  not  believe  the  best  of  these  to  be  always  the 
ones  most  recently  published.  Moreover,  the  majority  are  restricted  to  axisymmetric  con- 
figurations, leaving  low-aspect-ratio  wing-fuselage  combinations,  elliptic  cross  sections, 
etc.  to  be  analyzed  classically.  There  is  one  safe  generalization:  because  disturbances 
tend  to  be  "doubly  small,"  differential  equation  (14)  governs  the  near  and  intermediate 
fields  throughout  the  M«,  range  below  hypersonic  — the  only  exception  being  an  axisym- 
metric part  of  the  flow  near  M„  = 1. 

Subsonically  the  most  serious  attempt  to  deal  with  oscillating  bodies  of  revolution 
in  the  United  States  remains  that  of  Revell  (1969) . My  judgment  is  reinforced  by  the 
fact  that  it  is  still  used  as  a standard  of  comparison  for  simplified  theories,  e.g., 
the  low-k  expansion  by  Liu,  Platzer  and  Ruo  (1976).  It  is  also  very  difficult  for  com- 
putational purposes,  and  many  steps  in  the  analysis  must  be  repeated  separately  for  each 
radius  distribution  R(x) . 

Among  recent  refinements  to  slender-body  theory  appropriate  for  the  transonic  range, 

I mention  the  low-frequency  work  of  Stahara  and  Spreiter  (1976) , as  well  as  Liu,  Platzer 
and  Ruo  (1977).  The  former  brings  thickness  effects  into  the  nonlinear  term  of  (15)  by 
means  of  local  linearization.  The  latter  adopts  the  "parabolic  approximation"  of  replacing 
4x  by  a constant  average  value.  When  making  numerical  computations  the  authors  also 
resort  to  a low-k  expansion,  but  they  succeed  in  treating  zero-thickness  wings  in  addition 
to  axisymmetric  shapes. 

Revell  (1960)  published  a comparable  second-order  Investigation  of  supersonic  bodies, 
again  expanding  in  thickness  ratio  and  carefully  treating  the  logarithmic  terms  that  arise. 
Quite  a different  slant  on  the  supersonic  problem,  with  emphasis  on  discontinuous  body 
slope,  was  taken  by  Kacprzynskl  and  Landahl  (1967,  plus  internal  M.I.T.  reports  referenced 
therein) . These  are  refinements  to  the  theory  of  steady  flow  over  "quasi  cylindrical" 
bodies,  studied  during  World  War  II  by  Llghthlll.  Special  care  must  be  used  in  dealing 
with  the  pointed  nose  of  such  a body.  These  papers  make  some  ingenious  proposals  for 
the  nonlinear  calculation  of  pressures  and  for  introducing  entropy  changes  through  bow 
shocks,  however,  and  their  approach  is  worthy  of  more  attention  than  received  to  date. 
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Finally,  1 remark  that  "facet  methods"  being  developed  to  solve  wing-body  unsteady 
interference  problems  can  equally  well  be  adapted  to  bodies  alone.  The  interesting  paper 
by  Woodcock  (1976)  does  this  for  quite  general  fuselage  shapes  in  supersonic  flight  and 
gives  an  application  to  a rather  complicated  configuration  at  <•  1.225. 


3.4  Interference 

Substantial  mathematical  and  computational  effort  has  been  dedicated  during  the  past 
decade  toward  extending  linearized  subsonic  and  supersonic  theories  so  that  they  may  be 
applied  to  the  interfering  combinations  of  bodies  and  lifting  surfaces  encountered  in 
aeronautical  practice.  The  AGARD  study  (Rodden,  1976a)  deals  with  pairs  of  lifting  surfaces, 
some  of  which  intersect  but  always  in  the  absence  of  fuselages,  nacelles,  etc.  Indeed, 
the  effects  of  bodies  has  received  relatively  little  attention  to  date  (cf.  Roos  et  al. 
(1977),  Kalman  et  al.  (1971),  and  Morino  (1974) ) , and  they  will  therefore  be  omitted  from 
consideration  here.  Fortunately,  past  experience  suggests  that  their  usual  influence  on 
problems  like  flutter  comes  mainly  from  their  inertial  or  elastic  properties  rather  than 
from  large  changes  in  the  airloads. 

My  personal  view  is  that  the  AGARD  work  should  be  brought  up  to  date  and  expanded  to 
include  both  additional  contributors,  more  values  of  k and  further  interfering  configura- 
tions. It  is  not  "definitive"  in  the  sense  that  Woodcock  (1971)  succeeds  in  being.  Let 
me  offer  several  reasons  for  this  opinion.  First  of  all,  publications  have  recently 
> appeared  which  give  calculations  for  the  AGARD  and  similar  configurations  that  were  not 

included  in  Report  643.  Instances  known  to  me  are  in  Tseng  and  Morino  (1976) , Appa  and 
Jones  (1976),  Cunningham  (1974b),  Haviland  and  Yoo  (1976),  and  Stark  (1974).  The  first 
three  of  these  sources  contain  data  that  could  be  added  directly  to  the  existing  tables, 
and  I suspect  that  other  similar  results  exist  today. 

I also  conclude  that  many  of  the  comparisons  among  the  AGARD  calculations  leave  some- 
thing to  be  desired  and  perhaps  do  not  justify  the  comments  about  "excellent  agreement" 
made  in  Sec.  7 of  Rodden  (1976a).  Let  me  try  to  illustrate  this  point  with  what  I believe 
to  be  some  fairly-chosen  examples.  My  numbers  are  not  picked  from  the  airloads  that  are 
so  "small"  as  to  be  excessively  sensitive  to  difference  errors,  but  they  do  have  the  prop- 
erty of  being  truly  "interference"  loads.  That  is  to  say,  it  does  not  make  sense  to  use 
a generalized  force  induced  by  a wing's  motion  upon  itself  (say,  in  a wing-horizontal-tail 
calculation)  when  judging  the  accuracy  of  these  methods. 

Figure  11  reproduces  Fig.  17  of  Rodden  (1976a),  showing  for  M„  = 0.8  and  a semispan 
reduced  frequency  of  1.5  the  real  and  imaginary  parts  of  wing  and  tail  pitching  moments 
induced  by  an  antisymmetric  elastic  oscillation  of  the  familiar  "AGARD  wing."  Five  theories 
are  compared,  from  sources  listed  in  the  reference  and  describable  as  subsonic  kernel- 
function  or  doublet-lattice  methods.  It  is  my  opinion  that  the  tail  pitching  moments  here, 
especially  the  imaginary  parts,  do  not  agree  to  within  an  accuracy  that  would  be  acceptable 
for  flutter  or  dynamic  load  predictions.  Other  similar  cases  could  be  cited,  both  subsonic 
and  supersonic,  from  the  figures  and  tables  of  Rodden  (1976a). 

In  order  to  assess  the  generalized  aerodynamic  forces  tabulated  in  the  reference,  I 
have  found  it  useful  to  make  polar  plots.  Figures  ]2  and  ]3  are  not  untypical.  They  relate 
respectively,  to  subsonic  (M„  = 0.8)  and  supersonic  (M„  = 3.0)  tail  rolling  moments  produced 
by  wing  bending  vibration  at  k * 1.5  for  the  same  arrangement  as  in  Fig.  11,  except  that 

the  tail  is  displaced  upward  from  the  wing  plane  by  a distance  0.6  wing  semispans.  This 

case  was  chosen  so  as  to  permit  the  addition  of  results  from  Tseng  and  Morino  (1976).  The 
comparisons  speak  for  themselves;  some  are  "good,"  others  quite  unsatisfactory.  Especially 
in  the  supersonic  example,  one  is  quite  unable  to  determine  in  this  and  many  other  cases 
which  theory  should  be  regarded  as  the  correct  "standard  of  reference." 

fiiese  remarks  are  not  intended  to  denigrate  the  impressive  work  of  the  AGARD  contri- 
butors or  of  others  occupied  with  the  very  difficult  linearized  interference  problem.  It 

is  certain  that  improvements  have  been  made  since  the  study  was  closed.  It  is  also  quite 

possible  that  k = 1.5  is  a severe  test  of  several  theories,  which  may  achieve  much  better 
convergence  at  lower  reduced  frequencies.  There  are  questions  as  to  whether  systematic 
efforts  are  needed,  for  lifting  surfaces  which  physically  intersect,  to  incorporate  the 
singular  behavior  along  those  intersection  lines  that  was  referred  to  in  Ashley  (1971)  and 
has  been  addressed  in  a few  other  studies.  As  elaborated  in  Sects.  V and  VI  below,  I even 
have  doubts  as  to  whether  bringing  Interference  theory  to  the  same  confidence  level  now 
enjoyed  by  planar  surface  theory  is  a project  worthy  of  the  expert  time  and  money  it  would 
require. 

Let  me  finish  this  section  by  mentioning  three  publications  on  interference  that  surely 
deserve  recognition.  Space  considerations  prevent  me  from  giving  many  details  or  from 
referring  to  several  other  valuable  contributions,  notably  by  European  Investigators. 
Cunningham  (1971)  presented  an  early  and  quite  successful  attempt  to  analyze  parallel,  sub- 
! sonic  surfaces.  His  emphasis  was  on  aircraft  like  the  F-111,  and  although  most  of  his 

examples  were  for  steady  flow  the  theory  seems  to  apply  at  arbitrary  k. 

I Ichikawa  and  Isogai  (1973a  and  b)  published  an  interesting  incompressible-flow  formu- 

i latlon  useful  to  T-tail  flutter  analysis.  Lastly,  the  supersonic  computer  programs  described 

j by  Crlll  and  Dale  (1976),  which  is  a finite-element  mechanization  of  the  potential  gradient 

I method,  appears  promising. 
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3. 5 Cascades  and  Wind-Tunnel  Wall  Effects 


I am  sure  that  several  papers  planned  for  Session  V of  this  Symposium  (e.g.,  Platzer, 
Byham  ( Beddoes,  Fleeter)  will  fully  address  current  work  on  unsteady  motion  of  cascades. 

The  recent  I.U.T.A.M.  Symposium  (Many  authors,  1976b)  is  another  rich  source  of  information. 
My  purpose  _n  mentioning  the  subject  here  is  because  of  its  relationship  to  the  influence 
of  parallel  wind-tunnel  walls  on  unsteady  airloads.  In  2-D  at  least,  the  associated  boun- 
dary value  problems  have  a great  deal  in  common.  Thus,  with  alternating  180”  phase  shifts, 
theories  like  those  of  Jones  & Moore  (1975)  or  Kemp  & Ohashi  (1976)  could  be  adapted  quite 
straightforwardly. 

The  recent  measurements  of  Satyanarayana  (1977)  actually  bear  on  both  problems  and 
furnish  confidence  that  such  foundations  of  isolated  wing  theory  as  the  trailing-edge 
Kutta  condition  remain  valid  for  multiple  lifting  surfaces  in  time-dependent  flow. 

The  classical  analysis  of  wall  effect  on  airfoil  oscillations  in  an  incompressible 
stream  is  Timman’s  (1951,  2unong  other  references).  There  is  no  need  to  detail  subsequent 
extensions  to  3-D  and  compressible  flow.  It  is  worth  mentioning,  however,  that  transonic 
steady  wind-tunnel  testing  has  quite  severe  limitations,  based  on  the  presence  of  bound- 
aries, which  have  not  yet  been  fully  overcome  by  means  of  such  devices  as  slots  or  per- 
foration. There  is  every  reason  to  believe  that  transonic  oscillatory  force  and  flutter 
data  must  also  be  carefully  examined  for  similar  effects  — not  to  speak  of  actual  'reson- 
ances. " 

As  an  instance  of  low-speed  wall  interference,  let  me  describe  some  ongoing  flutter 
research  at  Stanford  University  by  Rock  (1977).  He  is  working  with  a 2-D  "typical  section," 
whose  elastically-restrained  degrees  of  freedom  are  in  vertical  translation  and  pitching; 
with  notation  similar  to  Theodorsen's  (1935),  the  model  properties  are  listed  on  Fig.  14. 

It  is  constructed  with  great  attention  to  precision,  and  tests  of  subcrltical  stability 
and  flutter  are  being  conducted  in  a 0.5m.  - square  tunnel  at  speeds  up  to  al>out  50  m.  sec."^. 
Correlative  predictions  were  at  first  based  on  the  infinlte-airstream  theory  of  Theodorsen 
(1935)  but  proved  disappointing  in  that  the  critical  speed  disagreed  with  the  data  by  more 
than  10%.  In  view  of  the  ratio  of  wind-tunnel  height  to  chord  of  2,  the  significance  of 
a correction  was  then  realized,  and  Timman  (1951)  was  generalized  for  complex  oscillation 
frequencies.  This  adjustment  to  the  analysis  resulted  in  the  root  loci,  for  the  two  aero- 
elastic  modes,  shown  on  Fig.  14  as  solid  lines  in  the  s-plane.  Comparative  data  are  also 
plotted,  with  semidimensionless  flow  speed  u as  a parameter.  The  critical  mode,  which 
starts  from  the  "bending"  vibration  in  still  air,  now  has  its  neutral  stability  point  esti- 
mated to  within  2 parts  in  250  for  speed  and  1 part  in  50  for  frequency  (note  the  zero- 
suppressed  ordinate  scale) . This  agreement  is  a)^ut  as  good  as  one  ever  encounters  in 
aeroelasticity. 


VI.  TWO  IMPORTANT  NEW  DEVELOPMENTS 

Again  let  me  exercise  the  privilege  of  the  invited  reviewer  and  single  out  two  contri- 
butions to  unsteady  flow  theory  which  I expect  to  achieve  great  future  utility.  The  first 
is  the  approach  to  airload  calculation,  for  rather  general  small  motions  of  rather  compli- 
cated configurations  at  M. < 1 or  > 1,  that  was  first  elaborated  by  Morino  (1974).  Among 
other  places,  sample  applications  for  convergent,  steady  and  divergent  oscillations  will 
be  found  in  Tseng  and  Morino  (1976) . There  is  also,  of  course,  a paper  later  on  in  this 
session,  and  it  relieves  ms  of  having  to  give  details  of  the  SOUSSA  programs. 

The  return  by  these  investigators  to  a classical  Green's  function  statement  of  the 
problem  was  inspired,  not  only  tiecause  it  reduces  the  order  of  singularities  that  one  has 
to  cope  with  in  formulations  of  the  kernel-function  type,  but  because  it  quite  naturally 
shows  how  influences  like  profile  thickness  and  wake  deformation  can  be  incorporated  while 
the  linear  field  equation  (14)  is  retained.  Some  programming  and  convergence  difficulties 
which  plagued  early  versions  of  SOUSSA  seem  on  the  way  to  Iseing  overcome* , and  con^uter 
times  have  been  shortened. 

In  fairness,  I should  remark  that  Green's  function  solutions  applied  over  the  actual 
locations  of  bounding  surfaces  have  occasionally  been  used  before;  indeed,  the  paper  by 
Geissler  in  this  session  appears  to  l»e  such  a case,  with  exanqples  given  for  M.  • 0. 
Nevertheless,  it  is  my  hope  that  support  will  be  provided  so  as  to  ensure  broad  applic- 
ability, good  computational  convergence  and  wide  dissemination  for  what  looks  like  a power- 
ful design  tool. 

As  I mentioned  previously,  we  still  have  a requirement  for  convenient  theory  that 
handles  arbitrary  small  motions  of  wings  and  bodies.  Tseng  and  Morino  (1976)  demonstrated 
the  potential  of  SOUSSA  to  perform  this  task,  and  practical  suggestions  like  Richardson's 
(1965)  have  long  been  available.  Yet  I believe  that  a scheme  for  directly  adopting  the 
numerous  existing  computer  programs  now  limited  to  simple  harmonic  motion,  would  have 
considerable  value.  I think  that  Edwards  (1977) , building  on  an  earlier  Stanford  University 
dissertation  published  as  Vepa  (1977) , has  shown  us  how  to  do  this.  It  is  their  work  that 
I have  singled  out  for  attention  here. 
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Personal  comnninicatlon  from  Professor  Morino, 

** 

It  should  be  acknowledged  that  several  fundamental  ideas  in  Edwards'  developswnt  were 
anticipated  by  Milne  (1966). 
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Both  authors  concentrate  on  the  s-plane,  arrived  at  by  Laplace  transformation  on  time, 
and  both  are  therefore  concerned  with  constructing  "aerodynamic  transfer  functions"  — 
output-input  ratios  in  terms  of  s which  connect,  say,  a given  generalized  force  to 

the  time  variation  of  the  generalized  coordinate  which  produces  it.  Such  transfer  functions 
are  not  only  useful  for  computing,  by  inversion,  indicial  time  functions,  but  they  have 
a direct  role  in  the  design  of  automatic  control  systems  or  for  finding  roots  loci  like 
Fig.  14.  The  heart  of  Vepa's  scheme  is  to  estimate  these  transfer  functions  in  the  form 
called  Fade  approximants  (ratios  of  finite  polynomials  in  s).  The  coefficients  of  these 
he  calculated  by  fitting  conventional  unsteady  theory  at  a finite  number  of  points  along 
the  imaginary  axis,  where  the  (dimensionless)  s = ik.  In  the  process,  he  learned  a great 
deal  about  the  limiting  behavior  of  various  theories.  His  tools  are  appealing  to  control- 
system  engineers,  but  they  have  the  one  disadvantage  of  undesirably  augmenting  the  states 
of  the  aeroelastic  systems  to  which  they  are  applied. 

Edwards  (1977)  overcame  this  deficiency,  while  preserving  the  full  accuracy  of  the 
parent  theory,  by  returning  to  the  original  problem  statement.  Using  a thin  wing  near 
the  x-y-coordinate  plane  (Fig.  1)  as  a model,  let  me  recall  that  the  kinematic  boundary 
condition  on  the  wing  projection  S may  be  written 


♦j(».y.O,t) 


(27) 


Here  2(x,y,t)  is  normal  displacement  of  the  mean  surface,  prescribed  in  cases  where  the 
motion  is  taken  to  be  a superposition  of  normal  vibration  modes,  etc.  Other  boundary 
conditions  will  not  be  presented  in  detail,  because  their  treatment  is  generally  obvious. 

Laplace  transformation  of  any  time  function  is  defined  in  the  customary  way: 


♦ (x,y,z,t)dt  (28) 
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When  this  operation  is  performed  on  (14)  and  (27)  , the  results  read 
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Z - Z (x,y,t«0),  for  (x,y)  on  S 


(30) 


Here  it  is  assumed  that  the  fluid  is  undisturbed  at  t *=  0 - , but  (30)  contains  allowance 
for  an  initially  impulsive  motion  at  t = 0. 

By  way  of  introduction,  1 recall  that  the  solution  to  this  problem  for  2-D,  incompres- 
sible flow  has  been  well  known  since  the  late  1930' s.  The  principal  transfer  function 
for  the  circulatory  part  of  the  aerodynamic  loads  then  contains  the  generalized  Theodorsen 
factor 
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Ko,Ki  are  Bessel  functions  of  Imaginary  argument,  dependent  on  an  appropriately  nondimen- 
sionalized  Laplace  variable.  Given  this  s-plane  interpretation,  C may  be  used  for  any 
complex  value  of  its  argument.  When  airload  expressions  are  being  inverted  to  the  time 
domain,  however,  a cut  must  be  respected  along  the  negative  real  axis  in  the  s-plane. 

For  arbitrary  M^,  let  the  solution  of  (29) -(30)  be  written 


f - 4j(x,y,z:8)  + ^^(%,y,z%n) 


(32) 


#2  is  chosen  so  as  to  satisfy  (29)  with  the  boundary  condition 


Z (x,y,t-0) 


(33) 


(Incidentially,  if  any  flow  disturbances  were  present  at  t>0  - , they  would  give  rise  to 
initial-value  terms  on  the  right  of  (29) . The  effects  of  these  terms  are  then  also  to  be 
included  in  the  "particular  solution"  9'2-) 
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Given  observe  that  ^2.  satisfies  a boundary-value  problem  which  is  formally 

identical  to  that  resulting  from  the  assumption  of  simple  harmonic  motion,  except  that 
iu  is  replaced  by  s i o -f  iu  . It  appears  that  computer  progr£uns  which  predict  airloads 
due  to  simple  harmonic  motion  can  be  modified  in  a fairly  straightforward  way  to  calculate 
similar  airloads  corresponding  to  the  Ti  solution.  It  can  further  be  reasoned  that, 
when  they  are  incorporated  into  the  Laplace-transformed  structural  equations  of  motion, 
the  airloads  are  the  only  ones  needed  to  determine  asymptotic  stability.  That  is, 
the  'lutter  determinant,  from  which  aeroelastic  eigenvalues  and  enginvectors  are  to  be 
found,  can  be  constructed  using  T'x  alone. 

This  hypothesis  regarding  aerodynamic  transfer  functions  has  already  been  verified 
for  2-D  supersonic  flow,  for  2-D  compressible  subsonic  flow,  and  for  3-D  subsonic  flow 
where  nusibers  for  AGARD  wing  #2  were  computed  with  a version  of  the  Albano  t Rodden  (1969) 
program.  There  remains  one  piece  of  unfinished  business:  at  M.  < 1,  (fr.  does  not  account 
for  the  finite  length  of  the  unsteady  walce  and  therefore  does  not  reproduce  the  early 
time  history  of  aerodynamic  Indicial  functions.  I do  not  believe  that  this  defect  invali- 
dates Edwards'  conclusions  regarding  aeroelastic  stability. 

Figures  15  and  16  illustrate  typical  results  from  Edwards  (1977) . Figure  15  relates 
to  2-D  incompressible  flow,  plotting  as  a function  of  dimensionless  time  t'  = 2U.t/c  the 
coefficient  of  lift  produced  by  the  following  history  of  (downward)  vertical  displacement 
of  the  airfoil: 

2U  r 1 

h(t)  - 5 5—  (.1  - e asm  (0  t *1*  (i)C08  U t ) . 

Clo^  + oi^l  L ' 'j  (34) 


with  numerical  values 

0 c (i)C  0. 2 

■ /2  <35) 

The  total  c^(t')  is  shown  decomposed  into 

• the  noncirculatory  part  c. 

*'nc 

• a "rational  part,"  c , which  comes  from  the  poles  at  o ± iu  when  the  transform 

_ ^r 

c^(s)  is  inverted. 

» a "nonrational  part,"  c , which  arises  from  the  cut  along  the  negative  real  axis. 

*nr 

In  all  cases  examined,  this  "nonrational"  term  is  found  to  fall  toward  zero  monotonlcally , 
as  an  inverse  integral  power  of  time  when  this  behavior  can  be  determined  analytically. 
Accordingly,  stability  is  governed  by  the  "rational"  portion  of 

Figure  16  presents  a roots-locus  flutter  calculation  in  supersonic  flow.  This  Involves 
a typical  section  model  with  some  properties  similar  to  those  listed  on  Fig.  14,  but  an 
unbalanced  20%-chord  trailing  edge  flap  has  been  added  with  an  uncoupled  rotational  fre- 
quency of  317  rad/sec.  Note  that  both  the  torsion  and  flap  degrees  of  freedom  exhibit  the 
familiar  single-degree-of- freedom  instability  at  low  supersonic  M^. 

1 hope  that  some  of  my  listeners  may  be  encouraged  by  the  foregoing  summary  to  examine 
whether  computer  programs  available  to  them  can  be  converted  in  this  way  to  deal  with  true 
aeroelastic  stability  or  with  other  nonsinusoidal  problems  in  unsteady  flow.  One  main 
requirement  seems  to  be  that  the  associated  subroutines  are  readily  adaptable  to  accept 

a complex  argument  in  place  of  the  real  )c. 


V.  NONLINEAR  POTENTIAL  UNSTEADY  AERODYNAMICS 
5. 1 Incompressible  Flow 

^ The  associated  linear  field  differential  equation  ma)ces  M. -» 0 a relatively  tractable 
regime  in  which  to  tac)cle  nonlinearity  and  a continuing  source  of  standards  against  which 
compressible-flow  approximations  may  be  compared  in  the  limit.  Among  others,  Kiissner  and 
Gorup  (1960)  and  van  de  Vooren  and  van  de  Vel  (1964)  gave  analytical  results  for  2-D 
lifting  airfoils.  In  their  work  the  location  of  the  wake  must  be  assumed  in  advance,  and 
the  kinematic  boundary  condition  at  a time-dependent  location  also  makes  difficulties. 

Such  troubles  can  be  avoided,  at  the  cost  of  adopting  purely  numerical  methods,  by  treating 
the  flow  as  an  initial  transient,  then  permitting  the  wake  of  discrete  vortices  to  follow 
particle  trajectories.  Glesing  (1968)  is  an  early  and  successful  ex^unple  of  this  approach. 

The  transient  scheme  with  wake  generation  was  adapted  to  3-D,  thick  lifting  surfaces 
in  rectilinear  motion  by  Djojodlhardjo  and  Hldnall  (1969).  Summa  (1976,  as  well  as  the 
dissertation  on  which  it  was  based)  shows  how  this  can  be  generalized  to  helical  paths, 
as  in  the  case  of  a rotor  or  propeller.  These  last  two  papers  1 see  as  precursors  to  the 
more  broadly  applicable  theory  of  Morino  (1974),  t>oth  in  the  manner  of  wake  creation  and 
the  approximation  of  Green's  function  integrals  by  finite  areas  of  constant  singularity 
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strength.  All  are  capable  of  estimating  the  effects  on  loading  of  thickness,  initial 
incidence,  etc.,  but  the  field  equation  must  be  linear. 


5. 2 Local  Linearization  ^nd  Its  Relatives 

I have  already  mentioned  techniques  like  local  linearization,  whereby  the  influence 
of  thickness  can  be  introduced  into  lifting  problems  in  compressible  flow.  Although 
there  is  no  reason  why  this  approach  should  not  be  employed  at  subsonic  or  supersonic 
speeds,  and  partlally-satisfactory  attempts  have  been  made  even  in  3-D  (cf.  Kacprzynskl 
et  al. , 1968)  , it  is  near  = 1 where  the  greatest  promise  and  need  seem  to  lie. 

Landahl  (1961,  Chap.  1)  anticipated  the  potentialities  of  local  linearization  for 
transonic  flow.  Among  many  other  contributions,  I cite  those  of  Stahara  and  Spreiter 
(1973;  see  also  the  survey  by  these  authors  in  Kinney,  1975);  Ruo  and  Theisen  (1975); 
and  Dowell  (1977  among  others).  The  last  of  these  is  particularly  attractive,  in  that 
his  use  of  Taylor  series  expansions  for  the  thickness  pressure  distribution  often  enables 
fairly  simple  analytical  solutions.  It  has  recently  (Dowell,  1977)  been  extended  to 
steady,  3-D  supersonic  flow,  and  further  developments  are  anticipated.  As  an  example 
of  what  this  theory  can  do,  1 show  in  Fig.  17  the  growth  of  lift  on  an  indicially  plunging 
airfoil  at  M..  = 1,  exactly.  Three  different  thickness  ratios  are  represented  for  the 
parabolic-arc  airfoil.  As  Dowell  remarks,  the  result  for  t =•  0 shows  the  classical 
linearized  tendency  for  the  lift  to  rise  indefinitely  at  large  times.  By  contrast,  thick- 
ness corrections  cause  it  to  approach  a reasonable,  finite  asymptote.  As  t increases, 
the  length  of  the  transient  is  found  to  dimish. 

In  the  same  category  with  local  linearization,  I also  include  the  various  simple  and 
ingenious  schemes  that  have  been  proposed  for  applying  local  Mach  number  corrections  and 
the  like  to  what  are  essentially  the  products  of  subcritical  linearized  theory.  Section 
4 of  Roos  (1976)  described  such  a method,  and  a rather  different  "semi-empirical"  one  is 
developed  and  applied  by  Garner  (1977). 


5. 3 Computational  Fluid  Dynamics  (C.F.D)  for  Unsteady  Motion 

It  is  certainly  not  my  intention  to  review  finite-difference  solution  of  the  unsteady- 
flow  field  equations.  Indeed,  several  papers  in  Session  II  of  this  Symposium  go  deeply 
into  this  subject.  Rather,  I wish  to  discuss  the  history  and  current  status  of  C.F.D. 
in  the  light  of  what  this  vitally  important  and  explosively  growing  computer  technology 
has  to  offer  for  the  topics  of  my  paper:  the  subsonic  and  supersonic  ranges.  In  the 
process,  I shall  show  some  results  which  seem  especially  exciting  to  me. 

For  the  excellent  reason  that  nothing  else  can  approach  its  accuracy  or  versatility, 
C.F.D.  is  the  method  of  choice  for  transonic  flows  — for  steady  motions  and,  at  least  at 
reduced  frequencies  where  most  aeroelastic  phenomena  are  significant,  for  unsteady  as 
well.  Today  the  costs  and  limitations  of  high-speed  digital  computers  restrict  time- 
accurate  unsteady  C.F.D.  methods  to  two  spatial  dimensions.  But  in  the  2-D  regime  progress 
has  been  impressive.  First,  let  me  cite  the  survey  by  Ballhaus  (1976)  as  a useful  source 
of  information  about  high  Reynolds  numbers  generally.  Then  I list  the  papers  by  Magnus 
and  Yoshlhara  (1976,  along  with  several  predecessors  mentioned  therein) , Traci  et  al. 

(1975) , Isogai  (1977) , and  Beam  4 Ballhaus  (1975)  as  merely  representative  of  2-D  unsteady 
research.  The  measurements  by  Tljdeman  and  Schippers  (1973,  1975)  served  to  alert 
investigators  to  the  significance  and  complexity  of  unsteady  shock  motions. 

Finally  I recommend  Lomax  (1976)  for  a definitive  treatment  of  fundeunental  questions 
in  modern  C.F.D.  He  highlights  the  key  issue  of  numerical  stability  and  how  it  has  been 
enhanced  by  implicit  methods  and  other  recent  improvements.  He  notes  the  importance  of 
operator  splitting,  which  underlies  the  "alternate-direction"  scheme  for  reducing  central- 
processing time  and  memory  requirements.  He  describes  "marching,"  wherein  even  steady 
flow  problems  can  be  efficiently  approached  by  transient  calculation  over  time. 

Not  everyone  in  the  field  knows  that  elaborate  C.F.D.  programs  are  now  routinely  used 
for  airplane  design.  A dramatic  example  is  the  paper  by  Gingrich  et  al.  (1977)  , which 
describes  the  aerodynamic  evolution  of  the  Rockwell  Highly  Maneuverable  Aircraft  Technology 
(HIMAT)  vehicle.  One  design  point  Involved  a rapidly  turning  condition  at  M.  - 0.9  and 
a lift  coefficient  Cl  “ 1-0;  it  was  equivalent  to  requiring  drag  Cp  (at  wind  tunnel 
Reynolds  No.)  to  be  no  greater  than  0.12.  Configurations  based  on  subsonic  linearized 
theory  failed  this  criterion,  as  can  be  seen  from  the  curve  marked  with  triangles  on 
Fig.  18.  A redesign  was  carried  out,  using  as  a principal  tool  the  C.F.D.  program  develop- 
ed by  Bailey  4 Ballhaus  (see  Ballhaus,  1976,  for  references).  Tunnel  tests  for  the  most 
refined  version  are  identified  by  the  inverted  triangles;  one  sees  that  a drag  reduction 
of  over  20%  was  achieved. 

The  Balley-Ballhaus  method  is  to  solve  numerically  the  steady-flow  equivalent  of 
Eq.  (15),  with  linearized  boundary  conditions  at  the  surface  of  an  arbitrary  3-D  wing. 

The  technique  employed  is  able  to  "capture"  weak  shocks,  with  considerable  accuracy  and 
as  an  intrinsic  part  of  the  computation.  Although  Intended  for  transonic  purposes,  this 
program  has  been  successfully  applied*  to  find  the  pressure  distribution  on  thin  wings 
up  to  M.  • 1.3.  There  is  no  reason  why  it  would  not  also  work  subcritically. 

j 

Personal  comnunlcation  from  N.F.  Ballhaus. 
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As  illustrations  of  the  practical  utility  of  C.F.D.  for  2-D  unsteady  flows,  some 
calculations  are  duplicated  from  the  progreun  described  as  LTRAN2  by  Ballnaus  t Goorjian 
(1977a).  It  is  a time-accurate  alternating-direction/  implicit  scheme  for  solving  the 
low-frequency,  2-D  version  of  (15).  This  approximation  renders  the  time  integrations 
much  more  efficient  by  dropping  the  term.  The  resulting  limitation  on  reduced 
frequency  may  be  inferred  from  Fig.  19,  where  » 0.9  the  complex  lift  and  midchord 
pitching  moment  per  unit  pitch  amplitude  on  an  oscillating  thin  plate  are  compared  with 
linearized  theory  (the  solid  line  — here  used  as  a standard  of  reference) . Since  the 
abscissa  is  reduced  frequency  based  on  full  chord,  I infer  that  the  C.F.D.  results  are 

sufficiently  accurate  up  to  an  uc/2Ui»  of  atx>ut  0.15.  For  lower  M_,  equal  or  perhaps  i 

slightly  better  agreement  is  generally  obtained. 

Figures  20  and  21  reproduce  some  simple  aeroelastic  computations  by  LTRAN2,  talcen 
from  Ballhaus  and  Goorjian  (1977b) . The  model  here  is  an  NACA  64A006  airfoil,  elastically 
restrained  in  pitch  about  midchord.  At  M.  = 0.88,  a neutrally  stable  condition  was  found 
by  forcing  simple  harmonic  motion  near  resonance,  then  permitting  the  model  to  move  freely. 

The  middle  curves  correspond  to  a flutter  point.  The  first  and  third,  respectively, 
illustrate  stable  & unstable  conditions  obtained  by  suitably  increasing  or  decreasing  the 
structural  deunping.  In  Fig.  21,  the  aerodyneunic  nonlinearity  associated  with  oscillating 
shocks  at  » 0.87  is  depicted.  Here  the  initial  forced  amplitude  is  three  times  that 
of  Fig.  20,  and  the  nonsinusoidal  behavior  of  midchord  pitching-moment  coefficient  is 

quite  evident.  Incidentally,  this  seune  paper  contains  some  remarkable  checks  against  j 

unsteady  shock  measurements  due  to  Tijdeman  and  Schippers  (1973) . j 

I have  said  nothing  about  the  computer  times  required  to  generate  the  foregoing  a 

results,  and  it  seems  fruitless  to  quote  numbers  — they  are  very  dependent  on  the  partic-  -j 

ular  machine  one  uses,  and  they  are  decreasing  rapidly  with  calendar  time  as  progrzunming  j 

refinements  are  discovered.  Suffice  it  to  point  out  that  the  programs,  on  which  Figs.  18  j 

through  21  are  based,  are  sufficiently  practical  to  be  described  as  "engineering”  by  j 

their  developers  and  users.  By  contrast,  programs  incorporating  approximations  to  the 
unsteady  Navier-Stokes  equations  of  viscous  flow  for  high  Reynolds  No.  still  require 
hours  of  CPU  time  on  a machine  like  CDC  7600  (cf.  Steger,  1977)  and  are  therefore  called 
"research. " 


VI.  CONCLUDING  REMARKS 

I begin  my  summary  with  two  observations  on  the  present  state  of  methods  for  predicting 
unsteady  subsonic  and  supersonic  external  flows.  First,  the  collection  of  available  tools 
from  linearized  theory  is  impressive,  and  especially  for  isolated  thin  wings  one  may  employ 
them  confidently  within  their  established  ranges  of  validity.  Second,  I believe  that  a 
continued  & single-minded  concentration  by  theoretical  aerodynamicists  on  further  refine- 
ment of  these  linearized  tools  would  constitute  misplaced  effort.  To  increase  by  a few 
per  cent  the  accuracy  and  convergence  rate  of  complicated  analyses,  which  too  often  do 
not  properly  represent  the  physical  reality  where  we  wish  to  apply  them,  could  well  be  a 
waste  of  scarce  resources. 

I see  both  an  analogy  and  a disparity  with  the  situation  in  finite-element  structural 
analysis.  There  also  has  occurred  a systematic  development  of  computer  programs,  which 
tended  to  utilize  the  full  capacity  of  the  machines  for  which  they  were  written.  In  the 
words  of  Gallagher  (1977) , "This  topic,  which  in  its  early  phases  was  not  even  recognized 
as  a legitimate  component  of  solid  mechanics,  has  crystallized  as  an  aspect  of  technology 
that  cuts  across  many  disciplines  ..."  True,  but  what  the  structural  analysts  have  going 
for  them  is  that  the  majority  of  designs  do  closely  conform  to  the  idealizations  based  on 
small  strains  and  moderate  displacements.  Moreover,  most  structures  are  so  arranged  that 
a representation  in  terms  of  bars,  beams,  shear  webs,  plates,  etc.  is  a very  accurate 
picture. 

By  contrast,  what  can  be  said  of  the  acoustic  approximation  to  which  we  have  clung 
in  unsteady  aerodynamics?  Especially  in  3-D  it  has  also  called  for  programs  that  stretch 
the  limits  of  computers.  But  we  are  extremely  fortunate  that  it  works  as  well  as  it  does 
in  the  situations  where  we  apply  it.  It  also  stretches  the  patience  of  mathematicians  to 
work  their  way  around  and  through  horrendous  singularities,  which  are  there  not  because 
they  are  needed  to  describe  the  physics  but  because  they  are  forced  upon  us  by  our  approxi- 
mations. 

Unsteady  flow  theory  also  consists  of  a disorderly  collection  of  special-purpose 
methods,  each  with  its  presumed,  limited  range  of  applicability  and  each  with  unknown 
pitfalls  if  it  is  misapplied. 

Let  me  imagine  for  you  an  alternative  approach.  Let  me  propose  that  something  along 
the  lines  of  my  vision  surely  deserves  a future  research  effort  on  the  same  order  as 
what  pure  momentum  and  habit  of  mind  ensure  will  be  accorded  to  continued  work  on  linear- 
ized theory.  My  goal  is  a unified  C.F.D.  methodology,  useful  for  steady  and  unsteady 
3-D  flows  — subsonic,  transonic  and  supersonic  — applicable  to  general  combinations  of 
streeunlined  lifting  surfaces  and  bodies,  accounting  for  nonlinear  effects  whenever 
required  but  also  able  to  reproduce  linear  indlcial  responses  and  transfer  functions  in 
the  frequent  situations  where  they  are  justified.  I say  "steady  and  unsteady,"  for  it  has 
already  been  demonstrated  that  steady  C.F.D.  flows  are  conveniently  computed  through 
time  transients;  all  we  require  is  to  use  time-accurate  schemes  (cf.  Isogal,  1977)  for 
these  transients.  I say  "subsonic,  transonic  and  supersonic.”  for  we  know  C.F.D.  can 
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capture  weak  shocks  even  when  irrotatlonal  flow  is  assumed.  It  has  been  pointed  out  to 
me  that  to  take  the  next  step  from  potential  theory  to  the  full  Euler  eqs.  (3)  will 
subsume  shocks  of  any  strength  (absent  severe  boundary- layer  separation)  and  will  require, 
at  most,  a factor  of  4 in  computation  time.  Alas,  the  step  to  the  Navier  Stokes  equations 
is  a much  bigger  onel  — although  interesting  2-D  unsteady  results  are  in  the  literature. 

For  time-dependent  motions  whose  amplitudes  are  not  a small  fraction  of  the  thickness 
ratio,  the  biggest  single  roadblock  in  the  way  of  my  goal  is  the  formulation  of  kinematic 
boundary  conditions.  C.F.D.  prefers  to  work  in  curvilinear  coordinates  matched  to  the 
body  shape,  and  there  will  be  a serious  penalty  for  changing  this  system  at  each  time 
step.  Yet  I believe  that,  in  many  cases,  it  will  be  acceptable  to  approximate  boundary 
conditions  at  the  mean  position  of  a time-dependent  surface.  I think  a 3-D  computer 
program,  based  on  (15)  with  such  conditions  for  an  isolated  thin  wing,  can  be  prepared 
by  best  C.F.D.  technology  today  in  the  "engineering"  category. 

What  about  computer  costs?  Enough  of  propaganda  has  been  written  about  replacing 
wind  tunnels  with  the  computer  of  the  future,  about  thus  escaping  from  wall  effects,  and 
the  like.  My  observation  is  that  C.F.D.  central-processor  times  are  even  today  converging 
downward  toward  those  of  linearized  theory  based  on  surface-distributed  singularities. 

In  personal  communication,  Jameson  of  the  Courant  Institute  has  pointed  out  why  this 
should  be  so.  Whether  based  on  collocation  or  finite-differencing,  methods  employ  grids 
with  0(n)  elements  in  each  coordinate  direction.  Typically,  a 3-D  solution  would  call 
for  solving  a system  of  n2  algebraic  equations,  but  the  coefficient  matrix  will  tend  to 
->  be  full,  not  sparse.  By  contrast,  there  would  be  n^  elements  in  C.F.D.  But  the  use  of 

splitting  and  alternate-direction  methods  would  reduce  the  calculation  to  repeated 
solutions  of  systems  of  n equations,  and  their  matrices  are  either  diagonal  or  block 
diagonal.  For  transient  motion,  both  approaches  would  tend  to  operate  on  the  same  number 
of  time  steps.  As  n becomes  large,  it  is  not  difficult  to  reason  why  C.F.D.  gains  an 
advantage. 

As  a final  word  in  a survey  of  theory,  let  me  emphasize  the  need  for  more  careful 
measurements  of  pressures  and  other  field  variables  in  unsteady  flow  situations.  Recent 
progress  has  been  encouraging,  and  excellent  Instruments  are  now  available.  Only  through 
the  conscientious  study  of  such  data  can  the  real  utility  of  any  analytical  tool  be 
established. 
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Fig.  1 


Illustrating  a typical  aeronautical  configuration,  submerged  in  a fluid  which 
has  a parallel  motion  at  speed  U„  at  remote  distances.  Coordinate  system 
x,y,z  is  attached  to  the  "mean"  position,  with  x parallel  to  the  free  stre^un. 


Fig.  2.  Identifying  the  five  types  of  corners  of  a wing  planform  projection  where 
the  loading  exhibits  special  singular  behavior.  [Taken  from  Medan  (1976).] 
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Fig.  3. 
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Real  and  imaginary  parts  of  lift  due  to  pitching  oscillation  Qi2'  plotted 
vs.  reduced  frequency  k,  for  AGARD  rectangular  wing  at  » 1.0  (dots)  and 
2.0  (open  circles).  Method  of  Laschka  (1963)  at  M^«  1.0  and  Stark  (see 
Woodcock,  1971)  at  M > 2.0  are  compared  with  piston  theory  limits  at 
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Real  and  imaginary  parts  of  lift  due  to  pitching  oscillation  Q12'  plotted 
vs.  reduced  frequency  k,  for  AGARD  arrowhead  wing  at  M « 1.56  (dots)  and 
’ 2.0  (open  circles).  Calculations  are  by  method  of  Stark  (see  Woodcock, 
1971)  except  for  piston  theory  at  (1/k)  = 0. 


oO 


o 


o EXPERIMENT 

(WADC  TR  93-«4) 


Magnitude  amd  phase  angle  of  hinge  moment  on  an  oscillating  full-span  flap 
of  40%-chord,  plotted  vs.  inverse  reduced  frequency  (1/k) . Measurements  of 
Beals  and  Targoff  (19517  are  compared  with  theory  of  Rowe  etal.  (1975). 
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In-Phase  chordwise  lifting  pressure  distribution  at  spanwise  station  (y/s)  on 
a reduced  frequency  )c  » 0.372  and  M.  • 0.  Two  theories  of  Rowe  et  al.  (1975) 
are  compared  vs.  experiment;  see  reference  for  details. 


Fig.  8.  90  out-of-phase  component  of  lifting  pressure  distribution  for  same 

conditions  as  Fig.  7. 
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^^9*  9*  Magnitude  and  phase  angle  of  chordwise  lifting  pressure  distribution  on  a 

biconvex  airfoil  oscillating  in  pitch  about  its  leading  edge  at  various  reduced 
frequencies  k.  Thickness  ratio  t-  0.06  and  - 1;  individual  points  on 
the  right  are  calculated  from  Eq.  (17)  and  compared  with  locally  linearised 
theory  (solid  lines).  For  details  see  paper  by  Spreiter  in  Kinney  (1975). 
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Fig.  10.  Experimental  flutter  boundaries,  plotted  on  a scale  of  dynamic  pressure  vs. 
Mach  No.,  for  two  dynamically  similar  wings.  "Conventional  wing"  has  a 
modern  subsonic  airfoil,  whereas  the  other  has  a supercritical  shape  of  the 
same  thickness  ratio.  Data  are  from  Farmer  t Hanson  (1976) . 
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Fig.  11.  [From  Fig.  17  of  Rodden,  1976a. 1 Real  and  imaginary  parts  of  spanwise  pitching 
moment  distributions.  Induced  on  wing  and  tail  of  the  AGARO  wing-tail  cosibina- 
tion,  by  "antisymmetric"  elastic  oscillation  of  the  wing.  Five  subsonic  theories 
are  compared}  see  reference  for  details. 
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Fig.  12.  Polar  plot  of  tail  rolling  moment  due  to  antisymmetrical  wing  bending 

oscillation,  at  ti.  • 0.8  and  reduced  frequency  k = 1.5,  for  AGARO  wing- 
tail  combination.  Results  of  four  theories  are  shwon  from  Table  4 of  Rodden 
(1976a)  and  Tseng  and  Norino  (1976).  Tail  is  vertically  displaced  by  0.6  semispan. 
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Polar  plot  of  tail  rolling  moment  due  to  antisyanetrical  wing  bending  oscillation, 
St  M.  ■ 3.0  and  k • 1.5,  for  AGARO  wing-tail  combination.  Results  of  three 
theories  are  shown  from  Table  8 of  Rodden  (1976a)  and  Tseng  t Morino  (1976). 
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Fig.  16,  [Reproduced  from  Edwards  (1977).]  Roots  loci  at  supersonic  speeds,  plotted  in 
the  dimensionless  plane  of  s - o t iu,  for  theoreitcal  stability  of  the  aero- 
elastic  inodes  of  a 2-0  elastic  model  with  degrees  of  freedom  in  pitch,  plunge 
and  rotation  of  a 20t-chord  flap. 
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Fig.  17.  [Reproduced  from  Fig.  7 of  Dowell  (1977).]  Indiclal  growth  of  dimensionless 
lift,  on  2-0  airfoils  at  H«,  • 1,  following  start  of  a constant  plunging 
velocity  h.  Values  for  two  finite  thlclcness  ratios  are  compared  with  linearized 
theory  ( t « 0) , 
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Fig.  18.  Plot  of  drag  coefficient  Cp  at  “ 1.0  for  various  versions  of  the 

HIMAT  vehicle.  See  text  and  Gingrich  et  al.  (1977)  for  details. 
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Pig.  19.  [Reproduced  from  Ballhaus  and  Goorjian  (1977b). 1 Magnitudes  and  Phase  angles 
of  lift  and  midchord  pitching  moment  on  a thin  plate,  per  unit  pitching 
oscillation  at  reduced  frequency  1c  and  M.  - 0.9.  Linearized  theory  (solid 
line)  is  compared  with  C.F.D.  calculations  (triangles). 


INTERACTING  AEROELASTIC  MOTION 


Fig.  20.  [Reproduced  from  Ballhaus  and  Goorjian^ (1977a) . ] Response  to  initially  forced 
oscillation  in  pitch  at  amplitude  0.5“  of  an  elastically  restrained  2-D 
airfoil  at  M.,  ° 0.88.  Three  values  of  rotational  damping  are  represented; 
see  text  and  reference  for  details. 


INTERACTING  MOTION  WITH  NONLINEAR  AERODYNAMICS 


Fig.  21.  [Reproduced  from  Ballhaus  and  Goorjian  (1977a).)  Response  at  H«  ^ 0.77 
for  same  airfoil  as  Fig.  20,  except  that  initial  forcing  amplitude  is  1.5 
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THREE  DIMENSIONAL  STEADY  AND  UNSTEADY  ASYMMETRIC  FLOW  PAST  WINGS  OF  ARBITRARY  PLANFORMS 

by 


Kandll»,  0.  A.,  Atta* •• •••»,  E.  H.  and  Nayfeh»»»,  A.  H. 

Department  of  Engineering  Science  and  Mechanics 
Virginia  Polytechnic  Institute  and  State  University 
Blacksburg,  Virginia  24061 

SUMMARY 

The  nonlinear-discrete  vortex  method  has  been  extended  to  treat  the  problem  of 
asymmetric  flows  past  a wing  with  leading-edge  separation,  Including  steady  and  unsteady 
flows.  The  problem  Is  formulated  In  terms  of  a body-fixed  frame  of  reference  and  the 
nonlinear-discrete  vortex  method  Is  modified  accordingly.  Although  the  method  is  general, 
only  examples  of  flows  past  delta  wings  are  presented  due  to  the  availability  of  experi- 
mental data  as  well  as  approximate  theories.  Comparison  of  our  results  with  the  experi- 
mental results  of  Harvey  for  a delta  wing  undergoing  a steady,  rolling  motion  at  zero 
angle  of  attack  demonstrate  the  superiority  of  the  present  method  over  existing  appro- 
ximate theories  In  obtaining  highly  accurate  loads.  Numerical  results  for  yawed  wings 
at  large  angles  of  attack  are  also  presented.  In  all  cases,  total-load  coefficients, 
pressure  distributions  and  shapes  of  the  free-vortex  sheets  are  shown. 

LIST  OF  SYMBOLS 


AR  aspect  ratio 

b(x)  local  half  span 

C rolling-moment  coefficient 

Cp  pressure  coefficient 

AC  net  pressure  coefficient  (C„  - C_  ) 

P Pi  P2 

c root  chord 

r 

Ac^  winglet  root  chord,  a characteristic  length 

e^  unit  vector  In  the  direction  of  the  freestream  velocity 

T,J,k  unit  vectors  of  wlng-flxed  frame  of  reference 

I length  of  a vortex  segment 


n total  number  of  vortex  segments  of  the  model 

n^j  unit  normal  to  the  wing  surface 

n unit  normal  to  the  wake  surface 

w 

Fj  position  vector  of  a field  point 

S(r)  wing  surface 

t dimensionless  time 

U,^  freestream  velocity 

w(r,t)  wake  surface 

x, y,z  wlng-flxed  frame  of  reference 

a, a angle  of  attack  and  rate  of  pitch 

8,0  angle  of  yaw  and  rate  of  yaw 

y , y  angle  of  roll  and  rate  of  roll 


u angular  velocity  of  wing 

£J  frequency  of  rolling  velocity 

1^  disturbance  velocity  potential 


Subscripts 

1 source  point 

J field  point 

k time-step  number 

LE  leading  edge 
TE  trailing  edge 
C tangent 

I.  INTRODUCTION 


In  recent  years,  development  of  analytical  and  numerical  methods  for  predicting  the 
aerodynamic  characteristics  of  wings  exhibiting  leading-edge  and/or  wlng-tlp  separation 
has  received  considerable  attention.  The  literature  contains  several  analytical  methods 
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which  are  based  on  simplifying  assumptions.  These  include  the  assumption  that  the  flow 
is  conical  and  the  assumption  that  the  axial  gradients  are  much  smaller  than  the  lateral 
gradients  of  the  flow  properties  ( slender-body  theory).  These  assumptions  represent 
inaccurate  modelling  of  the  full  three-dimensional  flow  and  violate  the  tralllng-edge 
Kutta  condition.  Methods  of  this  type  were  presented  by  Brown  and  Michael',  Mangier  and 
Smlth^  and  Smith'. 

With  the  advent  of  high  speed  computers,  new  techniques  which  avoid  these  simplify- 
ing assumptions  were  developed.  The  nonlinear,  discrete-vortex  technique  is  among  those 
successful  techniques  capable  of  calculating  full  three-dimensional  flows.  With  this 
technique,  the  exact  governing  equation  and  the  corresponding  boundary  conditions  are 
satisfied  and  hence  the  solution  of  the  invlscld  problem  is  exact  in  that  sense.  It  is 
not  restricted  by  the  shape  of  the  wing  planform  or  the  range  of  angle  of  attack  as  long 
as  vortex  breakdown  does  not  occur  in  the  vicinity  of  the  wing  (stall  phenomenon  of 
wings  of  low-aspect  ratio).  However,  the  separation  line  is  assumed  to  be  known  a 
priori  along  the  sharp  edges  of  the  wing.  Methods  of  this  type  were  developed  for 
steady  symmetric  flows  by  Belotserkovskll* , Rehbach*’',  Kandll^,  Kandll,  Mook  and 
Nayfeh*"' ' . 

Due  to  the  accuracy  and  simplicity  of  the  nonlinear  discrete-vortex  technique,  it 
was  extended  to  treat  unsteadv  symmetric  flows  by  Belotserkovskll  and  Nlsht'^,  Atta", 
Atta,  Kandll,  Mook  and  Nayfeh"’*'.  The  source  of  unsteadiness  in  the  flow  may  be 
general,  e.g.  a sudden  translational  acceleration  of  the  wing",  a gust  wind  which 
changes  the  wing  angle  of  attack'’’'",  or  an  oscillatory  pitching  motion  of  the  wing'*. 
The  method  Is  characterized  by  Its  capability  of  obtaining  the  transient  as  well  as  the 
steady-state  aerodynamic  characteristics  of  the  wing.  The  technique  was  also  extended 
by  Kandll,  Mook,  and  Nayfeh'*  to  treat  steady  asymmetric  flows  past  a large  aspect-ratio 
rectangular  wing.  This  case  Is  a simulation  of  the  problem  of  aerodynamic  interference 
which  arises  when  a small  aircraft  penetrates  the  wake  of  a large  aircraft.  Although 
the  authors  didn't  account  for  the  wlng-tlp  separation  of  the  trailing  wing  (due  to  its 
large  aspect  ratio),  they  did  account  for  the  wlng-tlp  separation  of  the  leading  wing. 

In  the  present  paper,  this  technique  is  applied  to  steady  and  unsteady  asymmetric 
flows  past  highly  swept-back  wings  with  sharp-edges.  Delta  wings  are  chosen  as  numeri- 
cal examples  due  to  the  availability  of  experimental  and  theoretical  results.  Another 
reason  for  this  choice  Is  that  It  represents  a severe  numerical  test  of  the  technique 
owing  to  the  presence  of  the  vortical  spiral  cones  which  emanate  from  the  leading  edges 
and  extend  over  a large  portion  of  the  wing  surface.  Moreover,  the  free-vortex  surfaces 
are  represented  by  a aeries  of  segmented  vortex  lines  which  approach  the  bound-vortex 
lattice  representing  the  wing  surface  during  the  development  of  the  numerical  solution. 
Hence,  strong  singularities  may  arise  due  to  the  interaction  of  close  vortex  lines,  and 
therefore  safeguards  must  be  Imposed  to  eliminate  such  singularities. 

The  problem  of  steady  asymmetric  flows  was  treated  earlier  by  Pullin'’,  Hanln  and 
Mlshne'*,  Jones'",  and  Cohen  and  Nlmrl’°.  Specifically,  the  steady  flow  past  a yawed 

slender  delta  wing  was  considered  in  references  17  and  19  while  the  flow  past  a slender 

delta  wing  rolling  steadily  was  considered  In  references  l8  and  20.  These  theories  are 
based  primarily  on  the  approximations  of  slender-body  theory.  The  method  of  Brown  and 
Michael  was  extended  for  the  rolling  wing'*’”  while  the  method  of  Mangier  and  Smith  and 

the  Improved  method  of  Smith  were  extended  for  the  yawed  wing'’’'". 

Therefore,  with  these  approximations  as  well  as  the  simplified  approximate  modell- 
ing of  the  vortex  sheets  shed  from  the  leading  edges,  one  may  expect  substantial  differ- 
ences between  the  predicted  and  the  experimental  results.  In  fact,  In  all  asymmetric 
results  of  these  theories  substantial  errors  exist  In  predicting  the  suction  peak  of  the 
pressure  near  the  leading  edges.  This  was  the  case  on  the  receding  face  of  a rolling 

delta  wing  at  zero  angle  of  attack  as  reported  In  references  l8  and  20.  For  the  case  of 

a yawed  wing  at  high  angle  of  attack,  large  errors  were  reported  in  predicting  the 
suction  peak  of  the  pressure  on  the  windward  side  of  the  wing'’*'".  In  the  latter  case 
the  errors  were  attributed  to  the  substantial  secondary  separation  which  develops  due  to 
the  adverse  pressure  gradients  on  the  windward  side  of  the  wing. 

Prom  our  point  of  view,  this  is  only  one  portion  of  the  cause  because  as  it  is 

well-known  the  problem  of  secondary  separation  is  a viscous  phenomenon  and  it  cannot  be 

treated  by  an  Invlscld  model.  The  other  portion  of  the  cause  is  in  fact  the  modelling 
of  the  separated  flow  and  the  slender-body  assumption  . Moreover,  on  the  leeward  side 
of  the  wing,  the  core  of  the  primary  vortex  moves  outboard  as  the  angle  of  yaw  is  in- 
creased. Hence  the  suction  peak  on  this  side  disappears  and  so  does  the  adverse  pres- 
sure gradients.  Thus,  secondary  separation  diminishes  and  one  can  expect  an  Invlscld 
three-dimensional  model  to  yield  highly  accurate  results  on  the  leeward  side. 

On  the  experimental  side,  Fink"  and  Harvey”  considered  steady  flows  over  yawed 
slender-delta  wings.  Later,  Harvey”  considered  flows  over  a steadily  rolling  delta 
wing.  Pressure  distributions,  local  rolling-moment  coefficients,  local  normal-force 
coefficients,  total-load  coefficients  and  positions  of  the  vortex  cores  were  reported  in 
these  experiments.  These  data  are  used  by  many  investigators  for  checking  the  accuracy 
of  their  theories.  In  the  present  paper,  we  also  consider  the  same  data  to  check  our 
results  for  steady  asymmetric  flows.  We  also  compare  our  results  with  available  approx- 
imate theories.  The  method  is  also  extended  to  the  problem  of  unsteady  asymmetric  flows 
past  a rolling  wing. 
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II.  FORMULATION  OF  THE  PROBLEM 


We  consider  a thin  delta  wing  In  a uniform  stream  and  let  be  the  free  stream 

velocity  and  oxyz  be  a wlng-flxed  frame  of  reference.  The  wing  edges  lie  In  the  xy- 
plane,  the  x-axls  bisects  Its  apex  angle  and  the  xz-plane  Is  Its  plane  of  symmetry. 
Euler's  angles  a,  B and  y are  used  to  define  the  angle  of  attack,  the  angle  of  yaw  and 
the  angle  of  roll  of  the  wing,  respectively,  see  Figure  1.  To  construct  these  angles  In 
this  order,  we  start  from  a position  where  Is  parallel  to  the  x-axls  and  successively 

allow  for  the  positive  rotations  a,6,Y  about  the  y,z,  and  x axes,  respectively.  The 
unit  vector  e^  in  the  direction  of  the  freestream  velocity  Is  expressed  In  terms  of 

these  angles  and  the  base  unit  vectors  of  the  fixed-frame  of  reference  by 

e^  ” COSO  cosBT  + (slna  slny  - coso  slnB  cosy)J  + (slna  cosy  + cosa  slnB  slnY)k  (1) 

Next,  we  assume  that  the  wing  Is  rotating  with  an  angular  velocity  u which  can  be  ex- 
pressed In  terms  of  Euler's  angles  and  their  rates  of  change  as 

U - (D^I  + uiyj  + u^ic 

» (a  SlnB  + 'y)T  + (a  cosB  cosy  + B slny)J  + (-a  cosB  slny  + § cosy)k  (2) 

The  fluid  flow  Is  assumed  to  be  Ideal.  The  assumption  that  the  wing  edges  are 
sharp  fixes  the  separation  lines  along  these  edges.  Vortlclty  Is  shed  from  these  edges 
In  the  form  of  free  surfaces  of  tangential  discontinuity  (free-vortex  sheets).  Moreover, 
the  flow  Is  assumed  to  be  Irrotatlonal  In  the  region  R exterior  to  the  wing  and  Its 
free-vortex  sheets.  Accordingly,  the  flow  In  R Is  governed  by  Laplace's  equation 

V'(|.  - 0 (3) 

where  ♦(?,!)  Is  the  disturbance  potential.  On  the  boundary  3R,  41  satisfies  the  follow- 
ing boundary  conditions.  The  flow  must  be  tangent  to  the  wing  surface;  that  Is, 

(e„  + - E)  X r)  • « 0 on  S(F)  - 0 (H) 

where  = VS/|VS|  Is  the  unit  normal  to  the  wing  surface  S.  The  pressure  Is  continuous 

and  no  flow  exists  across  the  free-vortex  sheets;  these  dynamic  and  kinematic  conditions 
yield 

AC  ” C - C • (V4i  - 74.)  • [2(u)  X r - S'  ) - V4>i  - - 2 ^ (4i~^:)  “ 0 

PPlPl 

on  w(r,t)  • 0 (5) 

(e^+  74  - u X r)  • ■5^  * 0 w(?tt)  “ 0 (6) 

where  the  subscripts  1 and_2  refer  to  the  upper  and  lower  surfaces  of  the  free-vortex 
sheets,  respectively,  and  n “ 7w/|7w|  Is  the  unit  normal  to  the  free-vortex  sheets. 

The  Kutta  condition  must  be“satlsfled  along  the  edges  of  separation,  that  Is  the  flow 
leaves  smoothly  off  the  edges  and  the  pressure  Is  continuous  across  these  edges.  These 
are  expressed  by 

(e  + 74  - u X F)  • n,^  « 0 on  S|  “0  (7) 

" “ TE,LE 

and 

ACp  • (74i  - 742)  • [2(u)  X r - e^)  - 74i 

on  S|  “0 

TE,LE 

Far  from  the  wing  and  Its  free-vortex  sheets,  the  disturbance  velocity  vanishes;  that 
Is, 

741-0  (9) 

The  complexity  of  the  problem  stems  from  the  boundary  conditions  (5)  and  (6). 

These  conditions  are  to  be  satisfied  at  the  free-vortex  sheets  w(r,t)  which  are  unknowns 
of  the  problem.  In  fact,  both  w{r,t)  and  ♦(r,t)  are  dependent  upon  each  other  and  hence 
a numerical  solution  Is  fruitful  for  this  situation.  In  the  next  section,  we  discuss 
the  method  of  solution  of  the  steady  problem  and  describe  Its  extension  to  the  unsteady 
problem. 

III.  METHOD  OF  SOLUTION 
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1 . Nonlinear  Discrete-Vortex  Method  for  the  Steady  Problem 

The  method  of  solution  of  the  steady  asymmetric  flow  la  obtained  by  generalizing 
the  approach  of  Kandll’  and  Kandll,  Mook  and  Nayfeh*  for  the  steady  symmetric  flow.  For 
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the  sake  of  completeness,  we  outline  the  basic  approach  and  then  describe  the  generaliza- 
tion to  the  current  problem. 

In  the  basic  approach  of  the  lifting  problem,  a lifting  surface  may  be  replaced  by 
a bound-vortex  sheet  with  unknown  strength.  The  velocity  potential  of  this  sheet  satis- 
fies equation  (3)  In  R and  the  boundary  condition  (9).  Furthermore,  this  continuous 
vortex  sheet  can  be  accurately  approximated  by  a lattice  of  bound-vortex  filaments  with 
unknown  circulations  (bound-vortex  lattice)  provided  It  Is  constructed  within  certain 
rules.  This  point  will  be  undertaken  later  In  detail  In  the  next  section. 

Along  the  edges  of  separation  no  bound-vortex  segments  are  placed;  otherwise  the 
Kutta  condition,  equation  (8),  will  be  partially  violated.  At  these  edges,  the  starting 
vortex  Is  shed  and  convected  with  the  local  velocity  and  In  a steady  flow  no  more  vor- 
tices are  shed  thereafter.  According  to  the  theorem  of  spatial  conservation  of  circu- 
lation (Kelvin's  theorem),  the  ends  of  the  bound-vortex  lattice  lines  closest  to  the 
edges  are  connected  to  vortex  lines  which  extend  downstream  to  Infinity  where  the  start- 
ing vortex  Is  assumed  to  be.  _These  vortex  lines  are  called  free-vortex  lines  and  repre- 
sent the  free-vortex  sheet  w(r).  So  far,  the  model  satisfies  equations  (3)  and  (9)  and 
partially  satisfies  the  Kutta  condition. 

For  steady  symmetric  flows,  equations  (4)  - (8)  Immediately  yield  the  corresponding 
boundary  condltltons  upon  setting  oi  = 0 and  dropping  the  time  dependent  terms  while 
equation  (1)  yields  the  corresponding  free  stream  velocity  upon  setting  B » Y • 0.  With 
the  discrete  method,  the  resulting  equations  are  sa^sfled  at  certain  points  on  the 
known  surface  S(r)  and  the  still  unknown  surface  w(r).  This  Is  achieved  by  successive 
Iterative  cycles.  In  the  first  step  of  the  cycle,  we  satisfy  the  flow  tangency  condition 
on  S(r)  with  an  assumed  surface  w(r)  to  find  a circulation  distribution  f.  In  the  next 
step,  we  satisfy  the  kinematic  and  dynamic  boundary  conditions  on  w(r)  by  using  the  r_ 
dlstrlbtulon  and  find  w(r).  These  cycles  are  repeated  until  the  f distribution  or  w(r) 
do  not  change  within  certain  prescribed  tolerances.  The  Kutta  condition  Is  then  satis- 
fied atuomatlcally . 

For  steady  asymmetric  flows,  equations  (4)  - (8)  also  yield  the  corresponding 
boundary  conditions  upon  dropping  the  time  dependent  terms.  Now,  to  obtain  a steady 
flow  It  Is  a necessary  condition,  although  not  sufficient,  that  the  angular  velocity  of 
the  wing  u be  uniform.  Moreover ,_the  magnitude  and  direction  of  u as  well  as  the  orienta- 
tion of  the  wing  with  respect  to  e^  (as  defined  by  a,B,Y)  must  have  values  such  that  no 

tj-me-dependent  disturbance  Is  generated  In  the  flow.  For  a thin  flat  wing  with  u ■ 0 
(a  • S ” Y “ 0),  nontrivial,  steady,  asymmetric  flows  occur  In  three  cases.  First,  y ■ 

0 and  the  free  stream  velocity  Is  given  by 

e^  « COSO  cosB  T - coso  slnB  J + slna  k (10a) 

This  case  represents  the  steady  flow  past  a yawed  wing  at  an  angle  of  attack.  It  was 
considered  In  references  17,  19,  and  22.  Second,  6 • 0 and  the  free  stream  velocity  Is 
given  by 

e^  ” COSO  T + slno  slny  J slno  cosy  k (10b) 

This  case  represents  a steady  flow  past  a wing  at  a banking  angle  and  an  angle  of 
attack.  Third,  o « 0 and  the  free  stream  velocity  Is  given  by 

e^  “ cosB  T - slnB  cosy  T + slnB  slnY  it  (10c) 

This  case  represents  a steady  flow  past  a yawed  wing  at  a banking  angle.  Fourth,  when 
all  the  angles  a, 6,  and  y are  different  from  zero  and  the  free  stream  velocity  Is  given 
by  equation  (1).  All  the  cases  considered  above  can  be  treated  by  the  vortex  lattice 
method  as  reported  In  references  7-10. 

When  the  angular  velocity  u Is  pot  eaual  to  zepo,  there  are  still  two  cases  where 
the  flow  Is  steady.  First,  o«6“o"B"0,  u«yT  and  the  free  stream  velocity  Is 
given  by 

- T (lla) 

This  case  represents  a steadily  rolling  wing  about  Its  x-axls  at  a, zero  angle, of  attack. 

It  was  considered  In  references  l8,  20,  and  23.  Second,  6 = y”<»“0,  <u"yT+  BIT,  tana 
“ B/y  and  the  free  stream  velocity  Is  given  by 

*00  " 008“  T + slna  ic  (11b) 

This  case  represents  a steadily  rolling  wing  about  the  wind  axis  at  an  angle  of  attack. 

We  can  easily  see  that  the  first  case  Is  a special  case  of  the  present  one.  This  case 
was  considered  In  reference  20. 

When  applying  the  steady  version  of  the  discrete-vortex  method  to  the  last  two 
cases,  one  must  use  a wlng-flxed  frame  of  reference;  otherwise,  the  flow  would  no  longer 
be  steady. 


2-S 


2.  Nonlinear  Discrete-Vortex  Method  for  the  Unsteady-Plow  Problem 

The  method  of  solution  for  unsteady  asymmetric  flows  Is  obtained  by  generalizing 
the  approach  of  Atta*’  and  Atta,  Kandll,  Mook  and  Nayfeh*'”'*  for  unsteady  symmetric 
flows.  In  these  references,  a space-fixed  frame  of  reference  was  used,  the  wing  was 
taken  to  be  fixed  In  the  flow,  and  the  source  of  unsteadiness  was  Introduced  through  the 
free  stream  velocity.  In  the  present  paper,  a wlng-flxed  frame  of  reference  Is  used, 
the  wing  Is  rotating  at  a nonuniform  angular  velocity  u(t),  and  the  free  stream  velocity 
Is  uniform. 

In  either  case,  the  bound  circulation  around  the  wing  continuously  changes  and  this 
Is  accompanied  by  a continuous  process  of  formation  and  shedding  of  vortexes  from  the 
edges  of  separation  to  restore  the  smoothness  of  the  flow  at  the  edges  (Kutta  condition). 
Within  any  Infinitesimal  time  step,  the  change  In  the  bound  circulation  around  the  wing 
Is  met  by  the  formation  of  an  Infinitesimal  vortex  strip  emanating  from  an  edge  of 
separation  which  has  a strength  of  equal  and  opposite  sense  to  the  change  of  the  bound 
circulation.  This  shed  vortex  Is  convected  downstream  with  the  local  particle  velocity. 
Hence  a vortex  sheet  Is  continuously  growing  downstream  as  long  as  the  unsteadiness  of 
the  flow  prevails. 

Now  If  the  continuous  motion  of  the  wing  Is  discretized  Into  a series  of  Impulsive 
changes  occurlng  at  discrete  time  steps,  the  continuously  growing  vortex  sheet  can  be 
replaced  by  a growing  vortex  lattice  In  the  wake.  This  Is  the  salient  difference  between 
the  unsteady  and  steady  flow  models.  At  each  time  step,  we  solve  the  problem  using  a 
method  similar  to  that  of  the  steady  flow.  Here,  the  boundary  conditions,  equations 
(It)  - (8),  must  be  satisfied  at  each  time  step.  In  the  next  section,  we  consider  In 
detail  the  Implementation  of  this  method. 

IV.  IMPLEMENTATION  OF  THE  METHOD 


1 . Construction  of  the  Discrete-Vortex  Model 

In  Figure  2,  we  show  how  the  discrete-vortex  model  Is  constructed  for  a delta  wing. 
Although  the  example  discussed  here  Is  for  a thin,  flat,  delta  wing,  the  method  Is 
general  and  Is  not  restricted  by  the  geometrical  parameters  of  the  wing;  e.g.  camber, 
aspect  or  thickness  ratios  or  wing  planform. 

The  first  step  Is  to  divide  the  wing  Into  rectangular  and  cropped-delta  wlnglets  as 
shown  by  the  dashed  lines  In  Figure  2. a.  A rectangular  wlnglet  Is  aerodynamlcally 
represented  by  a spanwise  bound-vortex  segment  of  constant  circulation  This  segment 

Is  placed  at  the  quarter-chord  length  of  the  wlnglet  (the  chord  length  of  the  rectangu- 
lar wlnglet  Is  the  characteristic  length  of  the  problem).  In  addition  a control  point 
Is  placed  at  the  three  quarter-chord  length.  The  choice  of  these  positions  Is  suggested 
by  thin  airfoil  theory*".  It  can  be  shown  that  the  bound-vortex  sheet  representing  the 
two-dimensional  flow  around  a flat  plate  at  an  angle  of  attack  can  be  replaced  by  a 
point  vortex  of  the  same  strength  as  that  of  the  continuous  vortex  sheet  under  the 
following  conditions:  a)  the  point  vortex  Is  placed  at  the  quarter-chord  length  and  b) 
the  flow  tangency  condition  Is  enforced  at  only  one  point  at  the  three-quarter-chord 
length. 

On  the  other  hand,  a cropped-delta  wlnglet  Is  aerodynamlcally  represented  by  a 
bound-vortex  segment  of  constant  circulation.  This  vortex  segment  Is  directed  along  the 
perpendicular  from  the  midpoint  of  the  wlnglet  root  chord  to  Its  leading  edge.  With 
this  choice  It  can  be  seen  that  the  vortlclty  of  this  vortex  segment  does  not  have  a 
component  along  the  leading  edge  and  hence  the  Kutta  condition  Is  approximately  satis- 
fied along  this  edge. 

Chordwlse  bound-vortex  segments  arise  due  to  the  differences  In  the  strengths  of 
the  neighboring  spanwise,  bound-vortex  segments.  In  this  way,  a bound-vortex  lattice 
which  replaces  the  continuous,  bound-vortex  sheet  Is  constructed.  The  model  Is  complet- 
ed by  adding  free-vortex  lines,  representing  the  continuous  free-vortex  sheets  at  the 
ends  of  the  bound-vortex  lattice  along  the  edges  of  separation  - the  leading  and  trail- 
ing edges.  Each  line  Is  divided  Into  a series  of  small,  straight  segments  (near-wake 
region)  and  one  aeml-lnflnlte  vortex  line  (far-wake  region).  The  upstream  end  of  each 
segment  represents  a control  point  of  the  wake  surface  where  the  kinematic  and  dynamic 
boundary  conditions  are  satisfied.  The  Initial  positions  and  shapes  of  these  lines  are 
prescribed.  The  resulting  model  Is  shown  In  Figure  2b.  This  model  has  an  unknown 
circulation  distribution  and  a wake  that  can  be  deformed  to  satisfy  the  boundary  conditions. 

The  model  described  above  Is  used  to  solve  the  steady-flow  problem  by  satisfying 
the  corresponding  boundary  conditions  given  In  Section  III.l.  On  the  other  hand.  If  the 
problem  under  consideration  Is  for  an  unsteady  flow  which  starts  from  a steady  flow 
situation,  then  the  solution  of  the  steady-flow  problem  serves  as  an  Initial  condition 
to  the  unsteady  problem.  Furthermore,  If  the  problem  under  consideration  Is  for  an 
unsteady  flow  which  arises  from  an  Impulsive  motion  of  the  wing,  then  the  Initial  con- 
dition corresponds  also  to  the  solution  of  the  model  given  above,  but  with  the  wakes 
removed  from  the  model . 
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2 . Calculation  of  the  Velocity  Field 


To  satisfy  the  boundary  conditions  on  the  wing  and  Its  wake  and  to  calculate  the 
surface  pressure_dlstrlbutlon,  one  needs  an  accurate  method  to  calculate  the  velocity  at 
any  field  point  Tj  at  any  time  step  tj^.  If  the  field  point  Is  off  the  wing  and  Its 

wake,  then  the  velocity  Is  given  by 


V(rj.t^) 

where 

V6(?j,t^) 


» ’♦(Tj.t^)  + e.-  U)(tj^)  X Tj 
n(tk) 

” ^ [rj^(t|^)/J4iihj^(rj  ,tj^)  ][oose 


l(rj.t^)  - cos62^(?j,t^)]e^(rj.t^) 


(12) 

(13) 


Is  the  Induced  velocity  from  all  the  vortex  segments  of  the  model.  The  parameters  on 
the  right-hand  side  of  equation  (13)  are  those  of  Blot-Savart ' s law**.  The  number  of 
vortex  segments  n(t|^)  Is  a function  of  the  time  step  tj^  due  to  the  growing  vortex 

lattice  In  the  wake  In  the  unsteady-flow  problem.  To  avoid  extremely  large  velocities,  arti- 
ficial viscosity  Is  Introduced  (as" in  reference  25)  In  the  form  of  an  exponential  multiplier 
which  causes  the  Induced  velocity  to  approach  zero  as  the  vortex  Is  approached. 

When  the  field  point  Is  on  the  wing  surface  or  on  the  wake  surface,  one  has  to 
account  for  the  Induced  tangential  velocity  due  to  the  local  strength  of  the  vortex 
sheet.  In  Figure  2.o,  we  show  the  parameters  Involved  In  calculating  the  components  of 
the  Induced  tangential  velocity  In  the  x and  y directions  at  a point  p for  a quadrila- 
teral vortex  element  In  the  xy-plane.  With  linear  Interpolation,  It  Is  easy  to  show 


that  these 

components 

are 

given  by 

- ■ . 

(1/2 

tf)[r,(x, 

+ ti  - x) 

+ r,(x  - 

Xi ) ]ei 

(l4a) 

■ S-i  ■ ' 

(1/2 

t?)[r*(yi 

+ ^2  - y) 

+ r2(y  - 

yi )]e2 

(14b) 

where  the  arguments  z = 0 and  z = 0”  correspond  to  the  upper  surface  and  the  lower 
surface  of  the  wing,  respectively.  Equations  (14)  must  be  added  to  equation  (12)  If  one 
Is  to  calculate  the  pressure  distribution  on  the  upper  and  lower  surfaces  by  using 
Bernoulli's  equation.  Extension  of  equations  (14)  to  a general,  quadrilateral  vortex 
element  Is  straightforward. 

3 . Implementation  of  the  Boundary  Conditions 
a.  Steady-Flow  Problem 

The  boundary  conditions  on  the  wing  surface  S(r)  and  the  wake  surface  w(r)  are 
satisfied  by  an  Iterative  process.  To  Initiate  the  Iterative  process,  one  needs  to 
prescribe  an  Initial  geometry  of  the  wake  surface.  It  has  been  found  from  several 
numerical  tests  that  the  number  of  iterative  cycles  required  to  achieve  the  solution  can 
be  reduced  by  an  appropriate  choice  of  the  Initial  geometry.  This  Initial  geometry 
depends  on  the  problem  under  consideration  and  thus  It  varies  from  one  problem  to  the 
other. 

For  Instance,  the  number  of  Iterative  cycles  for  the  steady,  symmetric-flow  problem 
Is  reduced  by  about  20%  when  the  free-vortex  lines  emanating  from  the  leading  edge  are 
prescribed  to  be  straight  lines  pitched  at  one  half  the  wing  angle  of  attack.  In  addi- 
tion, those  lines  emanating  from  the  trailing  edge  are  straight  lines  pitched  at  one 
third  the  wing  angle  of  attack.  Here,  the  comparison  Is  made  with  respect  to  the  number 
of  Iterative  cycles  required  for  the  same  problem  when  all  the  free-vortex  lines  are 
prescribed  to  be  also  straight  lines  but  are  pitched  at  an  angle  equal  to  the  wing  angle 
of  attack. 


In  the  case  of  a steadily,  rolling  wing  at  zero  angle  of  attack,  an  appropriate 
initial  guess  is  found  to  be  related  to  an  angle  0(r)  “ * j tan”' |ii)xr| /U,„.  Here,  we 

specify  the  free-vortex  lines  emanating  from  the  edges  of  the  advancing  side  to  be 
straight  lines  pitched  at  the  angle  + 0 while  those  emanating  from  the  edges  of  the 
receding  side  to  be  straight  lines  pitched  at  the  angle  - 0. 

Next,  the  flow-tangency  condition  and  the  spatial  conservation  of  circulation  are 
applied  at  the  control  points  and  node  points,  respectively,  of  the  bound-vortex  lat- 
tice. Thus,  we  obtain  a set  of  linear  algebrlc  equations''  which  yields  the  circulation 
distribution  fj^. 

With  the  circulation  distribution  known,  the  kinematic  and  dynamic  boundary  condi- 
tions at  the  control  points  of  the  free-vortex  lines  are  satisfied.  For  steady  flows, 
these  two  conditions  are  combined  Into  a simple  condition  in  which  we  require  that  each 
vortex  segment  in  the  wake  be  aligned  with  the  local  velocity  at  its  upstream  end  (a 
control  point  on  the  wake  surface).  This  means  that  each  vortex  segment  Is  a segment  of 
a streamline  (kinematic  condition).  Moreover,  It  means  that  the  force  on  each  vortex 
segment  Is  zero  according  to  Kutta-Joukowskl  theorem  In  the  small  (dynamic  condition). 
This  process  Is  carried  out  by  calculating  the  downstream  end  of  each  vortex  segment 
according  to 


(15) 


j+1  j j' ' y 

where  Fj  and  are  the  position  vectors  of  the  upstream  and  downstream  ends,  re- 

spectively, tj  Is  the  segment  length  and  is  the  velocity  at  Its  upstream  point 
[equation  (i  ) for  steady  flows]. 

The  Iteration  scheme  moves  back  and  forth  from  the  control  points  of  the  bound- 
vortex  lattice  to  the  concrol  points  of  the  free-vortex  lines  until  convergence  is 
achieved.  We  consider  the  Iteration  scheme  converged  when  the  variation  In  the  circu- 
lation distribution  or  the  displacement  of  the  downstream  ends  of  the  free-vortex  seg- 
ment between  two  successive  Iteration  cycles  does  not  exceed  a certain  prescribed 
tolerance.  Once  convergence  Is  achieved,  we  calculate  the  pressure  distribution  and  the 
total  load  coefficients. 

b.  Unsteady-Plow  Problem 

Here,  we  consider  the  problem  of  unsteady  flow  which  starts  from  a steady  flow 
situation.  We  recall  from  Section  III. 2 that  the  continuous  motion  of  the  wing  Is 
discretized  Into  a series  of  Impulsive  changes  occurlng  at  discrete  time  steps.  At  each 
time  step  tj^,  a set  of  starting  vortices  develops  along  the  edges  of  separation  and  are 

shed  with  the  local  velocities  to  restore  the  smoothness  of  flow  at  the  edges  (Kutta 
condition).  In  the  same  time,  the  starting  vortices  shed  In  the  wake  at  earlier  time 
steps  are  convected  downstream  with  the  local  velocities  without  changing  their  strengths. 
This  process  satisfies  the  kinematic  condition  on  the  wake  (a  wake  element  moves  along 
the  direction  of  the  local  velocity)  and  It  also  satisfies  the  dynamic  condition  on  the 
wake  (a  wake  element  satisfies  Kelvln-Helmholtz  theorem). 

The  position  of  any  shed  vortex  Fj  at  any  time  step  tj^  Is  determined  by 

Fj(tk)  - + (t^  - tj^_;^)Vj(Fj,  t^_^)  (16) 

where  t|^_j  Is  the  preceding  time  step  and  Vj  Is  given  by  equation  (12).  The  strength  of 

any  newly  shed  vortex  Is  related  to  the  change  In  the  bound  circulation.  Hence,  with 
the  positions  of  the  shed  vortices  known  from  equation  (16)  and  with  the  strength  of  the 
newly  shed  vortices  given  In  terms  of  the  change  of  the  bound  circulation,  the  flow 
tangency  condition  at  the  control  points  of  the  wing  yields  the  unknown  circulation 
distribution.  To  account  for  the  error  In  equation  (16)  because  of  using  the  velocity 
Vj(rj,t|^_l)  at  the  preceding  time  step  rather  than  the  current  time  step  tj^,  an 

Iteration  procedure  similar  to  that  of  the  steady-flow  problem  Is  performed.  In  this 
regard,  an  alternative  equation  was  given  by  Surnma^'. 


In  both  the  steady  and  unsteady  flows,  the  only  difference  between  the  symmetric 
and  asymmetric  problems  Is  the  longer  computational  time  required  for  the  latter  problem 
as  compared  to  that  of  the  former  problem.  In  the  former  problem,  we  need  only  to  use 
half  the  wing  to  obtain  the  solution  because  of  the  symmetry  of  the  flow.  In  the  latter 
problem,  the  whole  wing  must  be  used  to  obtain  the  solution. 

1) . Calculation  of  the  Pressure  Coefficients 


The  distribution  of  the  pressure  coefficient  on  the  upper 
wing  Is  calculated  by  using  Bernoulli's  equation  In  terms  of  a 
reference*  * . 

Cp(Fj,t,^)  - - [v(Fj,t^)]*  + 2v(Fj,t^)  • [i;j(t|^)  X Tj  - e^] 


and  lower  surfaces  of  the 
wlng-flxed  frame  of 


- 2 


3t 


(17) 


where 


v(F],tk)  - V*(rj,t^)  + V^^(rj,t^)  + V^y(rj.t^)  (18) 

r^  Is  the  position  vector  of  the  control  point,  the  positive  and  negative  superscripts 
refer  to  the  upper  surface  and  lower  surface  of  the  wing,  respectively,  and  v^,  ^ 
and  are  given  by  equations  (13),  (l^a)  and  (l^b),  respectively.  The  pressure  Is 

calculated  at  the  control  points  of  the  bound-vortex  lattice  because  these  are  the 
points  where  the  flow  tangency  condition  Is  enforced. 

In  the  steady-flow  problem,  the  last  term  of  the  right-hand  side  of  equation  (17) 

Is  zero  and  all  the  other  terms  are  time  Independent.  Hence,  calculating  the  pressure 
on  the  upper  and  lower  surfaces  Is  straightforward.  But  In  the  unsteady-flow  problem, 
we  need  to  calculate  this  term  If  the  pressure  coefficient  Is  required  on  each  of  the 
upper  and  lower  surfaces.  To  calculate  the  local  rate  of  change  of  the  disturbance 
velocity  potential,  we  need  to  know  the  velocity  potential  at  this  location  at  two 
successive  time  steps  by  Integrating  the  velocity  from  an  undisturbed  position.  Because 
of  the  long  computational  time  Involved,  we  only  calculate  the  net  pressure  force  on  the 
wing  In  the  unsteady-flow  problem.  However,  calculation  of  the  pressure  distribution  on 
the  upper  and  lower  surfaces  Is  now  under  consideration  because  It  Is  necessary  for  any 
boundary-layer  calculations. 
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The  net  pressure  coefficient  Is  given  by 

* Fj  - e„  - V*(rj.t^)] 

- 2[r(rj,tj^)  - r(rj,t^_^)/(tj^  - tj^_^)]  (19) 

The  total-load  coefficients  are  obti»’ned  by  Integrating  the  net  pressure  coefficient  on 
the  wing. 

V.  NUMERICAL  RESULTS 


A computer  code  which  accounts  for  the  general  formulation  presented  here  Is  deve- 
loped. The  code  can  be  used  to  solve  steady,  unsteady,  symmetric  or  asymmetric  flow 
problems.  Typical  results  obtained  with  this  code  are  presented  In  this  section.  The 
required  computation  time  and  convergence  studies  are  discussed  In  references  7-11  and 
13-16. 


1.  Steadily  Rolling  Wing  at  Zero  Angle  of  Attack 

In  Figures  3-5  we  show  typical  solutions  of  the  free-vortex  lines  of  a delta  wing 
(AR  - 0.7)  at  different  rolling  velocities  0.2,  0.4  and  0.6.  In  each  figure,  a three- 
dimensional  view  and  a plan  view  are  given.  The  traces  of  the  helical  vortex  cones  are 
Indicated  on  the  upper  view  which  show  that  the  cones  are  antisymmetric.  The  size  of 
the  cone  Increases  and  It  rolls-up  more  rapidly  with  Increasing  the  rolling  velocity. 
This  la  In  agreement  with  the  experimental  results**. 

Figure  6 shows  the  spanwlse  pressure  distribution  on  the  upper  and  lower  surfaces 
at  the  chordwlse  station  x/c^  « 0.778,  the  present  results  are  compared  with  the  experi- 
mental results  of  Harvey**  and  the  theoretical  models  of  references  l8  and  20.  A re- 
markable agreement  can  be  seen  between  the  present  results  and  the  experimental  ones. 

The  methods  of  references  18  and  20  obviously  overestimate  the  suction  pressure  peak  and 
this  Is  attributed  to  the  simplified  representation  of  the  separated  flow. 

2.  Yawed  Wing  at  an  Angle  of  Attack 

In  Figures  7-12  we  show  the  effect  of  the  yaw  angle  on  the  free-vortex  lines  and 
pressure  distributions  of  a delta  wing  (AR  » 0.7,  a » 15°). 

The  plan  views  In  Figures  7,  9 and  11  show  that  the  size  of  vortex  cone  emanating 
from  the  windward  side  of  the  wing  Increases  while  the  size  of  the  cone  from  the  leeward 
side  decreases.  The  former  cone  moves  Inboard  while  the  latter  cone  moves  outboard. 

The  corresponding  effect  on  the  spanwlse  pressure  distribution  at  the  chordwlse 
station  x/Cj,  ■ 0.395  and  comparisons  with  the  results  of  Pullin'*  and  the  experimental 

results  of  Harvey**  are  given  In  Figures  8,  10  and  12.  When  the  angle  of  yaw  Increases, 
the  suction  pressure  peak  on  the  windward  side  Increases  while  that  on  the  leeward  side 
decreases.  The  present  results  are  In  a good  agreement  with  the  experimental  ones. 
Pullin' s results  overestimates  the  suction  peak  on  the  windward  side  of  the  wing  and  It 
shows  that  the  error  Increases  with  Increasing  the  angle  of  yaw. 

3.  'Jnsteadlly  Rolling  Wing  at  Zero  Angle  of  Attack 

In  Figure  13  we  show  the  free-vortex  lines  at  three  successive  time  steps  for  a 
delta  wing  undergoing  an  unsteady  rolling  motion  given  by  « 0.6  + 0.1  slnCut/e).  The 

starting  vortices  shed  from  the  edges  of  separation  and  later  convected  downstream  can 
be  seen  In  each  view. 

Figure  14  shows  the  spanwlse  pressure  distribution  at  the  chordwlse  state  x/c^  “ 
0.65  at  different  time  steps.  The  variation  of  the  rolling-moment  coefficient  with 

the  frequency  of  the  sinusoidal  variation  of  the  rolling  velocity  SI  la  given  In  Figure 
15.  In  the  initial  time  steps,  we  notice  that  the  rolling-moment  coefficient  decreases 
as  the  frequency  Increases.  Finally,  the  variation  of  the  rolling-moment  coefficient 
with  the  rate  of  roll  Is  shown  In  Figure  16. 

VI.  CONCLUDING  REMARKS 


We  have  presented  a general,  nonlinear,  discrete-vortex  method  for  the  lifting 
surfaces.  The  method  Is  applied  to  delta  wings  undergoing  different  motions.  The 
results  are  compared  with  several  results  of  other  Investigators  and  with  the  experi- 
mental results  of  Harvey.  They  show  that  the  present  method  provides  accurate  results 
which  could  not  be  obtained  by  the  existing  approximate  methods.  Moreover,  the  present 
method  Is  not  restricted  by  any  geometrical  parameter  of  the  lifting  surface.  Moreover, 
It  Is  exact  because  It  Is  free  from  any  small-dlsturbance  assumption  or  any  corresponding 
linearization. 
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Fig.  15.  Variation  of  the  rolling-moment  coefficient  with  the 
frequency  of  rolling  velocity  of  an  unsteadily  rolling 
delta  wing,  - 0.4  - 0.1  sinilt,  a = 0®,  6 x 6 

bound  lattice,  AR  = 0.7. 
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Fig.  16.  Variation  of  the  rolling-moment  coefficient  with  the 
mean  rate  of  roll  of  an  unsteadily  rolling  delta  wing, 
0)  = Wo  - 0.1  sinOt,  a * 0°,  6 X 6 bound  lattice, 

AR  » 0.7. 
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SUMMARY 

A review  and  recent  developments  of  the  Green's  function  method  and  the  computer 
program  SOUSSA  (Steady  Oscillatory  and  Unsteady,  Subsonic  and  Supersonic  Aerodynamics) 
are  presented.  Applying  the  Green's  function  method  to  the  fully  unsteady  (transient) 
potential  equation  yields  an  integro-differential-delay  equation.  Using  the  finite- 
element  method,  this  equation  is  approximated  by  a set  of  differential-delay  equations 
in  time.  Using  the  Laplace  transform  yields  a matrix  relating  the  velocity  potential 
to  the  normal  wash.  Premultiplying  and  postmultiplylng  by  the  matrices  relating  gener- 
alized forces  to  the  potential  and  the  normal  wash  to  the  generalized  coordinates  one 
obtains  the  matrix  of  the  generalized  aerodynamic  forces.  The  frequency  and  mode-shape 
dependence  of  this  matrix  makes  the  program  SOUSSA  very  useful  for  multiple  frequency 
and  mode-shape  evaluations.  Comparison  with  existing  numerical  results  are  presented. 
The  results  indicate  that  the  progr^tffl  SOUSSA  is  not  only  general,  flexible  and  easy  to 
use  but  also  accurate  and  fast. 

SYMBOLS 


a 

Speed  of 

sound 

AR 

Aspect  ratio 

b 

Span 

See  Eq. 

(13) 

See  Eq. 

(15) 

See  Eq. 

(17) 

c 

Chord 

<=h 

See  Eq. 

(13) 

See  Eq. 

(15) 

'^hj 

See  Eq. 

(17) 

C,  Lift  coefficient 

Moment  coefficient  around  x=X| 


See 

Eq. 

(13) 

See 

Eq. 

(15) 

See 

Eq. 

(17) 

^■n 

See 

Eq. 

(13) 

^n 

See 

Eq. 

(15) 

See 

Eq. 

(17) 

See 

Eq. 

(13) 

Sn 

See 

Eq. 

(15) 

See 

Eq. 

(17) 

H(P) 

See 

Eq. 

(18) 

J Number  of  nodes  on  body 

k Reduced  frequency, 

C Reference  length 

Hake  length 

Ljj(P)  Shape  functions  for  A4 
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M 

N 

N 

N^P) 

N.. 


P 

P 

P. 

R 

R* 

s 

S 

t 

T 


nh 


x,y,z 


Mach  number  U<y,  j A tn 
Normal  to 

Number  of  nodes  on  wake 
Shape  functions  for  4'  and  4‘ 

Number  of  wake  elements  in  x-direction 

Number  of  elements  in  chord  direction 

Number  of  elements  in  span  direction  on  half-wing 

Complex  reduced  frequency,  si  / U(„ 

Point  having  coordinates  (X,Y,Z) 

Control  point,  Z,,) 

Defined  by  equation  (4) 

Defined  by  equation  (20) 

Complex  frequency  (Laplace  parameter) 

See  Eq.  (11) 

Time 

Nondimensional  time,  Eq.  (2) 

Velocity  of  undisturbed  flow 

Space  coordinates 
Pitch  axis 

Moment  axis 


k 


[ 


X,Y,Z  Nondimensional  space  coordinates,  Eq.  (2) 

6 " |1-m2| 


Kronecker  delta,  1 for  j*h,  0 for 

A 4' 

Discontinuity  of  4 across  the  wake 

A4n 

Nodal  values  of 

© 

Time  for  a disturbance  to  propagate  from  P to  P 

G for  P»Pj 

See  Eg.  (15) 

See  Eq.  (17) 

0jh 

See  Eq.  (17) 

n 

Convection  time  of  wake  vortices. 

Eq.  (7) 

Hn 

Value  of  n for 

Surface  of  body(X,Y,Z  space) 

r 

“ >v 

Surface  of  wake(X,Y,Z  space) 

T Thickness  ratio 

if  Velocity  perturbation  potential 

•/>  Velocity  potential , U„  x t (f 

4’  Nondimensional  velocity  perturbation  potential,  ^ 

(('j  Nodal  values  of 

Laplace  transform  of  4'j 


Lo%(er 
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e 


R Real  part  of  complex  number 

TE  Trailing  edge 

u Upper 

W Wake 

Special  notation: 

( ) Laplace  transform  of  ( ) 

[ } Vector 

[ ] Matrix 

[ ]®  Defined  by  equation  (5) 


INTRODUCTION 

Presented  here  is  the  Green's  function  method  for  steady,  oscillatory  and  unsteady, 
subsonic  and  supersonic,  potential  aerodynamics  for  complex  aircraft  configurations. 
Reviews  of  other  methods  in  this  field  are  given  in  Refs.  1 and  2 and,  therefore,  are 
not  presented  here.  The  method  is  based  on  a cosd>ination  of  the  following  techniques: 
Green's  function  method  (to  transform  the  differential  equation  into  an  Integral- 
differential-delay  equation) , finite  element  method  (to  transform  the  equation  into  a 
set  of  differential-delay  equations  in  time)  and  finally  the  Laplace  transform  method 
(to  transform  the  differential-delay  equations  into  algebraic  equations) . 


GREEN'S  FUNCTION  METHOD 

The  linearized  equation  for  the  velocity  perturbation  potential  is 

where  U.  and  a^  are  the  velocity  and  the  sound  speed  of  the  unperturbed  flow. 


(1) 


The  subsonic  case,  l.e.,  M»ll. /a^<  1 is  considered  first.  Introduce  the  non- 
dimensional  variables 

‘t’ “ f X=*/p'£  1^3/1  T--  (2) 

2 Ik 

where  i.  is  a reference  length  and  |l-M  M.  Note  that  the  definition  of  the  non- 
dimensional  time  T differs  from  the  one  used  in  proceeding  works  on  Green's  function 
method:  with  the  present  definition,  the  limit  of  Eq.  (1)  as  M goes  to  zero  is  the 
incompressible  flow  equation  (Laplace  equation)  instead  of  the  wave  equation.  By  using 
the  Green's  function  method,  one  obtains  an  integral-dlfferentlal-delay  equation 
(Refs.  3 and  4) 


(3) 


where  Z.  (closed)  surface  of  the  aircraft  (in  the  transformed  X,  Y,  Z space),., 

Z^ls  the  (open)  surface  of  the  vortex-layer  wake  emanating  from  the  trailing  edge,  ii 
is  the  normal  to  Z..  Furthermore  the  control  point,  P*,  is  located  on  whereas 

(4) 

is  the  distance  between  P«  and  the  diumay  point  of  integration  P (in  the  transformed 
space)  and  [ Indicates  evaluation  at  retarded  time  T-0 , where 


© = [m^(X-X,)+mr]/|3  (5) 

is  the  disturbance-propagation  time.  Note  that  the  definition  of  O differs  from  the 
one  used  in  proceeding  works  on  Green's  function  method  because  of  the  different 
definition  of  T in  Eq.  (2).  In  obtaining  Eq.  (1)  the  motion  is  assumed  to  consist  of 
infinitesimal  perturbations  around  a steady  state  configuration  (a  more  general 
formulation  is  given  in  Ref.  3).  Therefore  is  assumed  to  be  known  from  the  steady 
state  analysis.  " 


In  addition  note  that 


A<t>  (p.T)  * CPtc  ,T-n) 


(6) 


where  P_  is  the  trailing  edge  point  of  the  steady-state  streamline  through  P and  R 
is  the  steady-state  convection  time  from  P^  to  P (Ref.  5)  which  stay  be  approximated 
as  (the  new  definition  of  Tl  is  also  due  to  the  new  definition  of  T) 
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Finally  the  normal  wash  vj*  = 34>/9N  is  known  from  the  boundary  conditions. 
Therefore,  Eq.  (3)  is  an  integral-differential-delay  equation  relating  the  potential, 
tp  , to  the  normal  wash,  'P  . This  equation  and  the  corresponding  one  for  supersonic 
flow  are  the  basis  for  the  Green's  function  method  used  in  the  program  SOUSSA  (Steady, 
Oscillatory  and  Unsteady,  Subsonic  and  Supersonic  Aerodynamics)  presented  in  Refs.  6 
and  7 . 


NUMERICAL  FORMULATION 

In  order  to  obtain  an  efficient  computational  procedure,  the  integral-differential 
delay  equation  is  approximated  by  a system  of  differential-delay  equations  in  time. 

This  is  obtained  by  using  a finite-element  ^representation,  i.e.,  by  letting 

t (p,T-G)  = S (t-GJ  N^(P)  (8) 

<J>(p,T-0).  t ) njt) 

where  J is  the  total  niunber  of  nodes  on  the  body  and  (T-O. ) and  Tj  (T-  0.)  are 
time-dependent  values  of  'i'  and  4’  at  the  node  Pj  at  the^time  ^ T-  0.  ^ (where^  0j  is 
the  disturbance-propagation  time  from  P^,  to  Pj)?  furthermore,  the  Nj^(P)  are  pre-^ 
scribed  global  shape  functions,  obtained  by  standard  assembly  of  the  element  shape 
function. 


Similarly,  the  potential  discontinuity  on  the  wake  can  be  expressed  as 


A4‘(P.r-o)--  Ea4’Jt-qJL„{P) 


(9) 


where  N is  the  number  of  nodes  on  the  wake,  a4>_(T-  © ) is  the  value  of  at  ^e  nth 
node  PiW)  on  the  wake  at  time  T-  © 'where  © "is  the  propagation  time  from  ' to 
P,,) , and  L (P)  is  the  global  shape  Eu..otlon  relative  to  the  nth  node  of  the  wake.  Note 
that  (Ref. "5) 

-^(te)  p,  (10) 


MJT)- 


where  m>m(n)  identifies  the  trailing-edge  point,  P^  , which  is  on  the  same  vortex- 
line as  the  point  Pi**)*  Furthermore,  H is  the  steady-state  time  necessary  for  the 
vortex-point  to  be  convected  from  the  trailing-edge  point  Pi”®*  to  the  wake-point  P^**^  • 
Note  that  *'u  identify  the  upper  and  lower 

trailing-edge  nodes  on'^the  body  corresponding  to  the  nth  node  on  the  trailing-edge. 
Hence  it  is  possible  to  %n:ite 

J 


A4> 


(TE) 


= I S„.  4>. 


(11) 


where  S, 
body  co: 


j j I ' J 

a«l(S  j«-l),  if  j identifies  the  upper  (lower)  trailing-edge  point  P. 
rresponalng  to  the  point  P^’*'  on  the  wake,  and  otherwise.  ^ 


on  the 


Cooiblning  Eqs.  (3)  through  'm)  , one  obtains  a system  of  differential-delay 
equations  relating  4>  to  4^  an.'l  • 

4.(P.,T)  = Z Bj  (T-el)  + Z Cj 

. k F„  5..#,  (T-a.-nj.  ZG,  s.j4>/(T-0.-nJ 

where  (the  new  definitions  of  D.  and  G are  due  to  the  new  definition  of  T) 


(12) 


C. -.AS>  Njp)  1.  (>)  ciE 

D.  ^ N (P)  J_  IE  d£. 


(13) 


R dH 


in. 

2 


Next,  the  set  of  differential-delay  equations  is  replaced  by  a system  of  algebraic 
equations  by  either  assuming  exponential  time  dependence  or  by  using  the  Laplace 
transform  (Indicated  by  a tilda,  ).  Then,  satisfying  the  equation  at  the  nodal 
points,  one  obtains 


-pK.«n.) 


(14) 
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where  (indicating  with  s the  reduced  frequency)  f>  - 4 ■€  /U, 


, whereas 


P.  »F 
hn  n 


°hn"®n 


at  P*-P^ 


(15) 


The  evaluation  of  the  pressure  and  the  aerodynamic  influence  coefficients  for 
flutter  analysis  is  given  in  Appendix  A . 

SUPERSONIC  FORMULATION 

For  supersonic  flows  (i.e.  M=U^/a^>l)  one  obtains 


."■"“‘■'"■os.,- 


I g:.  p (. 


where  (the  new  definitions  of  D'  and  G'  are  due  to  the  new  definition  of  T) 

die 

N Zn  JJr.  i'  ' R- 


'Is 

k 


znf , 


1 R'  ! 

h(p.-Pk)  ap' 

i-l 

R'  aw' 

with 


In  addition 


and 


whereas 


> at  P,  = P, 


I rpi  riCP.-PJ  dR' 

H(p,  - ?,)=  1 for  X,  - Xj  > [CY^-  - YJ%  (Zj  - Z.T  ] 

--0  for  X,-Xj  <[(Yj-Y,r+{Zi-2j*] 
1^’=  [(Yj-Xj^-(Y^-YJ^(Z,-Zj^] 


JL  = . N 3 N ^ > N,  ^ 
aN*  "ax  ^ dr  dz 


jt/2 

2 l»/'2 


(16) 


(17) 


(18) 


(19) 


(20) 


(21) 


is  the  conormal  derivative  (Ref.  5).  The  above  equations  are  to  be  interpreted  within 
the  theory  of  generalized  functions  (Ref.  3).  The  evaluation  of  the  coefficients  is 
facilitated  by  the  use  of  an  ad-hoc  vector  algebra  (supersonic  algebra)  equivalent  to 
a hyperbolic  tensor  algebra  (Ref.  6). 


COMMENTS 

The  general  formulation  presented  above  is  embedded  (currently  with  seroth-order 
finite-element  global  shape  function)  in  the  computer  program  SOUSSA  (Steady, 
Oscillatory  and  Unsteady,  Subsonic  and  Supersonic  Aerodynamics) , whicli  provides  a uni- 
fied tool  for  both  subsonic  and  supersonic  flows  around  complex  aircraft  configurations 
(Ref.  7).  Application  to  coplanar  surfaces  (for  instance  wing  wa)ce  Intersecting  the 
tall)  is  presented  in  Ref.  8.  Note  that  no  diaphragms  are  needed  for  supersonic  flow. 
The  program  is  general,  flexible,  efficient  and  accurate,  as  indicated  by  the  results 
obtained  thus  far  (see  Refs.  5,  6,  7,  and  8).  The  dependence  of  the  coefficients  upon 
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the  frequency  is  extremely  simple  as  indicated  by  Eqs.  (14)  and  (16).  This  malces  the 
progr2un  extremely  fast  for  multiple-frequency  calculations.  The  dependence  of  the 
generalized  aerodynamic  forces  is  also  very  simple  (see  Appendix  A) . This  is  particu- 
larly useful  for  iterative  structural  optimal  design  where  new  mode  shapes  are  used  in 
each  iteration. 

It  should  be  noted  that,  for  the  zeroth-order  formulation,  the  integrals  in  Eqs. 

(13)  and  (17)  can  be  evaluated  analytically  (Ref.  6).  Recently,  however,  a combined 
analytical-numerical  scheme  has  been  used  for  evaluating  these  coefficients  (Ref.  9)  .fbt 
while  an  analytical  scheme  is  necessary  for  singular  or  near-singular  integrals, 
numerical  integration  is  much  more  efficient  for  integrals  with  relatively  smooth 
Integrands.  With  this  combination  of  analytical  integration  for  near-field  integrals 
(near-singular  integrand)  and  numerical  Gaussian  quadrature  scheme  for  far-field 
integrals  (smooth  integrand),  considerable  Improvement  in  computational  efficiency  is 
achieved  while  accuracy  is  preserved:  the  computer  time  (on  an  IBM  370/158  computer) 
for  evaluating  all  the  coefficients  has  been  reduced  by  80-90%  with  the  seune  order  of 
accuracy  as  obtained  with  the  analytical  scheme. 

NUMERICAL  RESULTS 

Results  for  the  zeroth-order  formulation  are  in  excellent  agreement  with  existing 
ones  (Refs.  5 to  8).  Complex- frequency  results  for  a wing-body-tail  configuration, 
unobtainable  with  other  methods,  are  given  in  Ref.  7.  Additional  results  are  presented 
in  this  section.  The  test  cases  selected  are  either  well  recognized  (Ref.  10)  or  are 
standard  AGARD  configurations  for  which  results  obtained  with  various  other  methods  are 
available  (Ref.  11). 

Figures  1 and  2 present  the  rate  of  convergence  for  the  lift  and  moment  coeffi- 
cients for  a rectangular  wing,  oscillating  in  pitch,  with  aspect  ratio.  AR»2,  thickness 
ratio  T«0.01,  reduced  frequency  k>1.0  and  free  stream  Mach  number  M =0.8.  It  should 
be  pointed  out  here  that  in  the  process  of  calculating  the  pressure  coefficients  and 
thereafter  the  generalized  forces,  a continuous  distribution  of  the  velocity  potential 
on  the  surface  of  the  aircraft  (in  that  case,  a wing)  is  used.  In  Refs.  7 and  8,  these 
were  achieved  by  means  of  an  averaging  scheme,  which  in  this  paper  is  replaced  by  a 
weighted  averaging  scheme  (see  Appendix  A) . Also  small  elements  are  used  near  the 
leading  edge  as  well  as  the  trailing  edge.  Considerable  improvement  in  the  convergence 
rate  on  the  generalized  forces  is  obtained  with  the  new  method. 

Figures  3 and  4 present  the  lift  and  moment  coefficients  as  a function  of  Mach 
number  for  a rectangular  wing  oscillating  in  pitch,  with  aspect  ratio  AR=2,  thickness 
ratio  T=0.01,  reduced  frequency  k=1.0.  The  results  are  compared  to  the  ones  of  Ref. Id 

Wing-fuselage-tail  results  for  complex  frequencies,  from  Ref.  7,  are  presented  in 
Figs.  5 and  6.  Specifications  for  the  problem  are  given  in  Table  1.  (Time-domain 
analysis  of  Eq.  (12)  is  now  underway.) 


CONCLUSIONS 

A general  method  for  steady  oscillatory  and  fully  unsteady  (in  frequency  and  time 
domain) , subsonic  and  supersonic  aerodynamics  around  complex  aircraft  configurations 
has  been  presented.  Analysis  of  convergence  as  well  as  comparison  with  existing  results 
indicate  that  the  method  besides  being  intrinsically  general  is  also  accurate. 

Additional  features  which  have  been  recently  added  to  the  formulation  Include  the 
wake  roll-up  (obtained  through  an  iteration  process.  Ref. 11 ) , as  well  as  a simple  ap- 
proximation for  the  aerodynamic  influence  coefficients  as  functions  of  the  Laplace 
parameter  (Ref.  12),  Finally  the  inclusion  of  the  nonlinear  effects  (in  the  subsonic 
subcritical,  l.e.,  shockfree,  range)  is  now  under  Investigation (Ref . 13.  An  assessment 
of  the  method  was  given  by  Garrick  in  his  13th  Von  Karman  lecture  (Ref. 14  ) . A higher- 
order  finite-element  formulation  is  now  under  investigation. 
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Figure  3.  Lift  Coefficient,  C , Versus  M,  for  Figure  4.  Homent  Coefficient,  C^,  Versus  M,  fo 

Rectangular  Wing  Oscillating  in  Pitch,  With  Rectangular  Wing  Oscillating  in  Fitch,  for  AR>2 

AR-2,  r -0.01,  k-l,  N -10,  N -6,  N -20,  ^^c~2  . r _o.01,  k-1,  N -10,  N -6,  N -20,  t/c~2. 

comparison  With  Results  of  ReLrence  10.  Comparison  With  Sesults^of  Reference  fo. 
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APPENDIX  A 

In  order  to  evaluate  the  matrix  relating  the  generalized  forces  to  the  generalized 
coordinates,  additional  relationships  must  be  introduced.  These  include  the  relation- 
ship between  normal  wash  and  generalized  coordinates  and  the  relationship  between 
generalized  forces  and  potential.  These  relationships  are  briefly  described  in  this 
Appendix. 


A.l  Boundary  Condition 

The  derivation  of  the  boundary  condition  is  given  in  detail  in  Ref.  15.  Here 
the  derivation  is  briefly  summarized.  The  boundary  condition  is  obtained  by  imposing 
that  the  velocity  of  the  fluid,  , and  the  velocity  of  the  body,  v,  have  the  same 

components  along  the  nojmtal  to  the  surface  of  the  body.  This  yields 


(Al) 

where  n(t)  is  the  Instantaneous  normal  to  the  surface  of  the  body, 
of  the  boundary  condition  (neglecting  high  order  terms)  is  given  by 

The  unsteady  part 

(A2) 

with  ^ , 

/in  = n (6 ) - 0.  = (iJL  x«2  - — , X ) / 1 A '' 

1 (A3) 

where  is  the  displacement  of  a point  of  the  body,  § and  ^ are  curvilinear 

coordinates  on  the  surface  of  the  body  and  ( « « i,2)  are  the  corresponding 

surface  base  vectors.  Expressing^d  and  v in  terms  of  the  nondimenslonal  generalized 
coordinates,  q , and  mode  shapes  H as 

(A4) 

and 

1 Z i M (5',  V} 

(AS) 

one  obtains,  in  the  Laplace  domain. 


r ^ k “L 

. 2 - X « 

1 \ A 

(A6) 


where  p - -j  . Equation  (23)  gives  the  desired  relationship  between  normal 

wash  at  any  point  and  the  generalized  coordinates  q^. 

A. 2 Pressure  and  Generalized  Forces 

In  order  to  complete  the  formulation,  the  procedure  for  the  evaluation  of  the 
aerodynamic  pressure  and  the  generalized  forces  is  presented  in  this  section. 


At  present,  a zeroth  order  formulation  (l.e.  4 constant  within  each  element)  is 
used  in  SOUSSAs  therefore  a special  procedure  is  needed  in  order  to  obtain  the  deriva- 
tive of  4 . First,  consider  an  averaging  scheme  which  Imposes  that  the  value  of  the 

potential  at  the  node  P^  is  the  weighted  average  of  the  values  of  the  potential  at 

the  centroids  of  the  elements  surrounding  P^.  In  other  words 

where  [ is  s weighted  averaging  matrix  defined  as 

'f  P;,  € (A8) 

(l.e.,  if  the  P|^  is  one  of  the  corner  points  of  the  element  snd 

A..“0  otherwise  (A9) 


In  Eq.  (A8) , the  weights  ur^  are  proportional  to  a typical  length  of  the 
element  (which  is  assumed  to  be  equal  to  the  square  root  of  the  area  of  the  element  iL^,) . 
Having  evaluated  the  values  of  4 at  the  four  corner  points  of  each  quadrilateral 
element,  the  potential  is  expressed  as 


4>  ^ I it.v) 


(AlO) 


where  N/  are 
functions  of 


the 

the 


first-order  global 
type 


shape-functions  obtained  by  assembling  local  shape- 


4 i'  Z" 

h K 


1 


(All) 
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where  and  are  the  locations  of  the  corners  Pj^  of  the  element  Z.  ( and 

are  the  coordinates  over  the  element) . Then 


0<P  . V 4)' 

35“  ' 35* 


(A12) 


The  pressure  coefficient  may  be  evaluated  from  the  linearized  Bernoulli  theorem 


(A13) 


Expressing  V4>  In  terms  of  the  tangential  derivatives  of  ‘j’  and  neglecting  the  contri- 
bution of  the  normal  component,  the  pressure  coefficient  Is  given  by 

C ..  2(p4>  . ^ . it  a^:) 

where  a*  are  the  contravarlant  base  vectors  In  the  x , y,  z space  with 
by  Eg.  (A12) . 


(A14) 
^ given 


Next  consider  the  generalized  aerodynamic  forces 

t ^ 


where 


Is  the  dyn^unlc  pressure. 


ip 


(A15) 

(A16) 


By  assuming  that  the  pressure  coefficient  c Is  constant  within  each  element 
(consistent  with  the  assumption  made  on  4>  ) , Eg.  ?A15)  can  be  expressed  as 


where 


i'-i-  ([Ell’HCpJ 
E.'r  - - Jj  3 . fi. 


(A17) 


(A18) 


’h 

« • 


P-  P.. 


where  a^  and  aj  are  the  base  vectors  of  the  element  In  the  x,  y,  z space. 

A. 3 SOUSSA 

The  above  formulation  Is  Implemented  In  the  computer  program  SOUSSA  (Steady, 
Oscillatory  and  Unsteady,  Subsonic  and  Supersonic  Aerodynamics).  The  computational 
Implementation  of  the  formulation  presented  above  Is  briefly  summarized  here.  Note 
first  that  the  relationship  between  normal  wash  and  generalized  coordinates.  Eg.  (AS) 
may  be  «n:ltten  as* 


where 


(A19) 


(A20) 


and  E'"'  Is  a matrix  Implicitly  defined  by  Eg.  (A6) . Furthermore  Eg.  (14)  may  be  re- 
written as  _ 

i i-  (A22) 

whereas  the  relationship  between  pressure  coefficient  and  potential  may  be  written  as 


Cp= 


where  Is  obtained  by  combining  Egs.  (A7),  (AlO) , (A12)  and  (A14) . Finally 


(see  Eg.  (A17) 


g (■») 


- = ? — _ 
or,  cosiblnlng  Egs,  (A19,  A22,  A23  and  A24) , 

s = f I i 

where  the  matrl.;  of  the  generalized  aerodynamic  forces,  E , Is  given  by 

i :r  E 


(A23) 

(A24) 

(A25) 

(A26) 


^ In  Bqs.  (A19)  to  (A26)  compact  matrix  notations  are  used.  Vectors  and  matrices  are 
underling.  Tildas  Indicate  Laplace's  transform  or  egulvalent  operation. 


Note  that  t'  and  E'  ' depend  upon  the  modes  M ( ),  whereas  E 

and  E do  not.  The  separation  of  E into  mode-dependent  matrices  and  mode- 
independent  matrices  is  particularly  useFul  for  automated  optimal  structural  design 
in  which  the  same  geometry  but  different  modes  are  used  in  each  iteration.  In  addition 
E (2)  is  the  only  matrix  which  depends  in  a complicated  way  upon  the  reduced 
complex  frequency,  P.  However,  once  the  coefficients  of  Eq.  (15)  are  evaluated,  the 
evaluation  of  requires  only  the  combination  of  these  coefficients  according  to 

Eq.  (14)  and  the  inversion  of  a matrix.  This  is  particularly  useful  for  the  evaluation 
of  the  aerodynamic  influence  coefficients  for  several  frequencies,  as  needed  for  in- 
stance for  flutter  analysis. 
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SUttlAKY 

This  paper  describes  aerodynamic  lift  and  pitching  moment  measurements  on  two  finite  wings  in  harmo- 
nic vertical  oscillatory  gusts  of  varying  frequency  parameter  and  gust  amplitude.  The  variation  of  aero- 
dynamic force  per  unit  gust  amplitude  with  frequency  parameter  is  shown  to  be  independent  of  freestream 
velocity,  wing  incidence  and  gust  amplitude,  but  is  strongly  influenced  by  wing  sweep.  Good  agreement  is 
obtained  with  calculations  based  on  a lifting  surface  theory.  The  tests  on  both  wings  are  extended  to 
the  determination  of  aerodynamic  force  response  to  periodic  vertical  gusts  which  incorporate  a combina- 
tion of  two  harmonic  frequency  components.  The  validity  of  the  superposition  concept  for  unsteady 
attached  flow  over  finite  wings  is  demonstrated  by  comparing  the  components  of  force  response  at  each  of 
the  two  forcing  frequencies  to  the  corresponding  response  at  the  single  harmonic  frequency.  Further 
measurements  of  lift,  pitching  moment  and  rolling  moment  are  presented  for  both  wings  at  various  attitudes 
of  skew  (in  yaw)  to  a harmonic  oscillatory  gust  front.  The  effects  of  the  resultant  asymmetric  lift 
distributions  on  the  two  wings  halves  are  identified  in  the  results;  with  particular  reference  to  the 
amplitudes  and  phases  of  oscillating  rolling  moments  that  are  generated. 


1.  INTRODUCTION 

[ The  ability  to  reliably  predict  the  response  of  aircraft  to  atmospheric  turbulence  is  important  in 

ensuring  adequate  aircraft  structural  integrity  and  handling  characteristics  as  well  as  in  the  design  of 
I active  controls  and  gust  alleviation  systems.  Current  emphasis  has  been  placed  on  these  problems  in 

I relation  to  the  high  speed,  low  altitude  flight  of  military  aircraft. 

' At  present,  the  theoretical  predictions  of  wing  loads  in  atmospheric  turbulence  are  based  on  model- 

ling both  the  continuous  gusts  and  the  aircraft  response  by  a superposition  of  harmonic  components. 

1 This  presupposes  a knowledge  of  the  wing  force  response  to  harmonic  gusts  as  well  as  the  validity  of 

superposition  in  then  modelling  the  aircraft  response  to  a realistic  atmospheric  gust.  As  a contribution 
to  the  understanding  of  aerodynamic  wing  loads  due  to  incident  gusts,  without  the  attendant  aircraft 
i response,  the  characterics  of  two  rigid  wing  planforms  have  been  measured  at  low  speed  in  a known  series 

I of  periodic  vertical  two  dimensional  gusts. 

Three  sets  of  tests  are  reported  here.  The  first  group  involve  measurements  of  lift  forces  and 
pitching  moments  on  the  wings  in  harmonic  vertical  oscillatory  gusts  of  varying  frequency  parameter  and 
gust  amplitude.  These  results  are  compared  with  calculations  using  a lifting  surface  theory.  Secondly, 
Che  tests  on  both  wings  are  extended  to  the  determination  of  aerodynamic  force  response  to  periodic 
vertical  gusts  which  consist  of  combinations  of  two  harmonic  frequency  components;  in  order  to  investigate 
the  validity  of  Che  superposition  concept  for  unsteady  attached  flow  over  finite  wings.  Thirdly,  the 
effects  on  Che  wing  forces  of  small  angles  of  skew  (in  yaw)  relative  to  an  incident  gust  are  experiment- 
ally investigated. 

The  two  wing  planforms  used  for  most  of  Che  tests  are  (1)  a rectangular  wing  of  aspect  ratio  6 
and  (2)  an  untapered  wing  of  45°  sweep  and  aspect  ratio  4.  These  are  designated  as  wings  A and  B respec- 
tively, for  convenience. 

The  oscillatory  gusts  are  generated  in  the  low  speed  gust  tunnel,  at  Queen  Mary  College,  described 
by  Patel  A Hancock  (1),  Tests  are  reported  over  a frequency  parameter  (uc/U)  range  of  0.1  up  to  0.8 
for  a constant  gust  amplitude  (~  1.80)  at  two  wing  incidences  for  which  the  flow  remains  attached. 
Frequency  parameter  has  been  varied  by  changes  in  both  frequency  and  freestream  velocity.  The  effect  of 
gust  amplitude  has  also  been  investigated.  Sosmwhat  severe  transition  strips  have  been  attached  to  the 
wings  to  ensure  fixed  transition  at  the  leading  edge  for  all  Che  tests. 


2.  THE  GUST  TUNNEL  FACILITY 
2.1.  The  Hind  Tunnel 

The  gust  facility  used  for  these  tests  is  based  on  a conventional  low  speed  wind  tunnel,  shown  in 
Fig.l,  with  a contraction  area  ratio  of  14.5:1  and  an  exit  to  the  contraction,  0,76  m high  and  0.99  m 
across,  through  which  flow  speeds  of  up  to  25  m/s  are  available.  The  working  section  consists  of  a 
rigid  semi-open  structure  with  solid  vertical  sidewalls  and  slotted  upper  and  lower  walls.  These  slotted 
walls  are  necessary  to  produce  adequate  oscillatory  flow  characteristics  in  the  test  section. 

The  gust  generation  device,  shown  in  Fig. 2,  consists  of  flexible  extensions  to  the  top  and  bottom 
walls  at  the  exit  to  the  contraction.  These  upper  and  lower  extensions  ere  fixed  at  their  ends  to  an 
aliainium  frame  which  can  be  moved  up  or  down.  Rigid  sidewalls  extend  the  contraction  exit  to  the  frame. 
Oacillatory  motion  of  the  frame  by  an  electro-hydraulic  servo-mechanism  perturbs  the  shear  layers  above 
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and  below  Che  semi-open  test  section  into  rolling  up  and  forming  discrete  vortices  in  the  jet  mixing 
regions;  as  shown  in  Fig, 3.  The  systems  of  rolled  up  vortices  convect  downstream  with  a velocity  of 
0.61  of  the  mean  freestream  velocity  and  induce  an  oscillatory  travelling  wave  form  of  vertical  gust  in 
an  irrotational  flow  field  within  Che  working  section.  The  flexible  noczle  is  oscillated  by  an  electro- 
hydraulic  servo  system  capable  of  generating  displacements  proportional  to  an  input  voltage  signal.  The 
shape  of  the  generated  gust  closely  resembles  this  displacement  - time  voltage  input  to  the  movable  frame. 
Thus,  harmonic  gusts  at  single  frequencies  are  obtained  by  sinusoidal  oioCion  of  the  nozzle.  For  complex 
gusts  at  a combination  of  two  frequencies,  the  required  stable  input  signal  is  obtained  from  electronic 
apparatus  which  enables  the  input  frequency  pairs,  their  amplitudes  and  the  phase  differences  between 
them  to  be  pre-selected.  Ref.  1 gives  a more  detailed  account  of  the  gust  generation  mechanism. 

The  oscillatory  gust  flow  is  monitored  by  a small  aerofoil  yawmeter  which  is  situated  just  off  one 
of  the  working  section  sidewalls  upstream  of  the  wing  models.  Signals  from  this  yawmeter  are  treated  as 
a reference  for  all  the  oscillatory  measurements,  A variable  incidence  support  rig,  shown  in  Fig.l,  is 
used  for  mounting  either  the  sting  balance  and  wing  for  the  force  sieasurements  or  a second  aerofoil  yaw- 
meter to  detect  the  gust  angle  characterics  at  Che  wing  position. 

2.2.  Working  section  Oscillatory  Gust  Conditions 


For  harmonic  gusts  at  single  frequencies,  the  oscillatory  vertical  velocity  component  on  the  hori- 
zontal centre  plane  of  Che  working  section  can  be  written  as 
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where  x is  a coordinate  pointing  upstream,  U is  the_mean  freestream  velocity,  w is  the  nondimensionalised 
instantaneous  vertical  velocity  component  (•  w/u) , w^  Is  the  nondimensionalised  amplitude  of  vertical 
velocity  oscillations  (Wg/u) , u is  the  radian  frequency  and  0.61U  is  the  downstream  convection  velocity 
of  the  travelling  wave. 


The  gust  amplitude,  Wg,  is  an  easily  calibrated  function  of  the  nozzle  forcing  frequency,  u,  the 
nozzle  aisplitude  and  distance  downstream  aft  of  the  nozzle.  This  calibration  yields  a usable  frequency 
range  (written  in  terms  of  frequency  parameter  per  unit  chord,  in  m)  of  0.40  < u/U  < 5.70  for  a gust 
amplitude  of  Wg  - 0.0314  or  1.80*’  gust  incidence  angle. _ The  corresponding  frequency ^values  are  from  2 to 
12  Hz.  For  a frequency  parameter  of  around  u/U  » 2.2  m , gust  aiif>litudes  of  up  to  w - 0.054  (a  3.10°) 
are  also  available.  ” 


The  spatial  distribution  of  gust  amplitude  in  the  working  section  determines  the  size  and  position- 
ing of  the  test  models.  Figure  4 illustrates  typical  variations  of  the  single  frequency  gust  amplitude 
with  downstream  distance  aft  of  the  nozzle.  For  all  the  frequencies,  a constant  amplitude  region  is 
obtained  downstream  of  a point  1.00  m from  the  nozzle  frame.  Thus,  for  a model  positioned  1.300  m aft 
of  the  nozzle  (see  Fig. 4),  a region  of  constant  gust  ai^>litude  is  available  for  the  wing  and  its  wake. 

The  wake  lies  in  this  region  of  constant  gust  amplitude  up  to  the  end  of  the  working  section  sidewalls 
which  are  1.300  m downstream  of  the  model  position. 

Fig. 5 shows  typical  variations  of  gust  amplitude  with  vertical  distance  from  the  working  section 
centreline.  The  'hyperbolic  cosine'  type  of  variation  of  vertical  velocity  ainplitudes  is  a consequence 
of  the  alternating  vortices  in  the  upper  and  lower  shear  layers  (shown  in  Fig. 3)  which  induce  the  irrota- 
tional working  section  gust  flow.  Changes  in  these  curves  due  to  frequency  can  be  predicted  from  simple 
theoretical  considerations,  since  separation  distances  between  adjacent  vortices  in  each  shear  layer  are 
frequency  dependent.  The  'hyperbolic  cosine'  asplitude  distribution  is  not  in  itself  a limitation.  The 
main  restriction  is  the  available  height  of  irrotational  flow  between  the  upper  and  lower  mixing  regions; 
which  aa  seen  from  Fig. 5 is  ± 20  cm  about  the  centreline.  This  is  more  than  adequate,  however,  for  the 
thin  wings  used  in  those  tests. 

Measurements  of  the  harmonic  oscillatory  flow  in  the  spanwise  direction  across  the  working  section 
reveal  a closely  two  dimensional  gust. 

For  the  case  of  the  more  complex  periodic  gust  at  a combination  of  two  frequencies,  the  incident  flow 
is,  effectively,  a superposition  of  two  gusts  convecting  downstream.  Mathematically,  this  can  be 
written  as  : 
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where,  in  addition  to  the  symbols  defined  in  equation  (1),  wg  and  wg2  are  nondimensionalised  vertical 
velocity  amplitudes  at  frequencies  and  U2  respectively  while  y is  the  phase  difference  between  the  two 
input  frequencies  and  is  taken  with  respect  to  the  higher  frequency,  U2.  The  travelling  wave  convection 
velocity_of  this  'double  frequency'  gust  is  also  0.61U  where  U is  the  mean  freestream  velocity.  Both 
**g]^  and  Wg2  are  cosqilicated  functions  of  the  two  forcing  frequencies  u;  and  U2 , the  nozzle  amplitudes  at 
these  frequencies,  the  ghase  difference  between  the  two  frequencies  as  well  as  distance  downstream  aft 
of  the  nozzle:  ^gj  and  "gg  can,  however,  be  calibrated  for  each  individual  case  to  be  measured  and  are 
accurately  repeatable  thereafter. 

The  usable  frequency  range  in  this  mode  of  tunnel  operation  remains  unaltered  from  that  available 
for  the  single  frequency  gusts.  The  spatial  distributions  of  gust  angle  amplitudes  at  each  of  the  two 
forcing  frequencies  also  exhibit  closely  similar  trends  to  those  obtained  with  harmonic  gusts.  This 
spplies  for  both  the  downstream  (as  in  Fig. 4)  and  vertical  (Fig. 5)  variations  of  gust  amplitude  as  well 
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as  to  the  spanwise  uniformity  of  the  gust  field. 

From  these  co.rsiderations , a suitable  test  model  position  was  chosen  such  that  Che  root  quarter 
chord  point  of  the  test  wing  lay  on  the  working  section  of  centreline  at  1.300  m aft  of  the  nozzle. 

Here  the  wings  and  their  wakes  were  in  a region  of  uniform  gust  amplitude.  Furthenm>re,  oscillatory 
lift  forces,  pitching  moments  and  rolling  moments  were  measured  relative  to  the  freestream  flow  at  the 
root  quarter  chord  point. 

2.3.  Models  md  Test  Equipment 

As  already  mentioned  the  two  wing  models  tested  were  (1)  a rectangular  wing  of  aspect  ratio  6 (wing  A) 
and  (2)  an  unCapered  wing  of  45°  sweep  and  aspect  ratio  4 (wing  B) . In  addition,  a few  of  the  experiments 
were  performed  with  a third  wing,  called  C,  which  was  untapered  with  45°  sweep  but  with  an  aspect  ratio 
of  6.  All  three  wings  were  made  up  from  symnetrical  lOZ  thick  NACA  0010  aerofoil  sections  with  wing  spans 
of  0.60  m (60Z  of  Che  working  section  width).  The  planforms  had  straight  leading  and  trailing  edges,  no 
centrebodies  and  streamwise  tips  which  were  shaped  such  that  the  upper  and  lower  aerofoil  surfaces  were 
joined  round  each  tip  by  a half  body  of  revolution  generated  by  the  aerofoil  surface  about  the  tip  chord 
line.  The  wing  chords  were  0.10  m for  wings  A and  C and  0.15  m for  wing  B.  Roughness  strips  were  used 
to  provoke  transition  just  aft  of  Che  leading  edges  (at  7Z  chord).  These  strips  were  10  ns  wide  (lOZ 
chord)  and  were  made  up  of  silicon  carbide  abrasive  paper  with  a grain  height  of  0.4  mm. 

Fig. 6 shows  the  reference  axes  system  used  for  the  tests  with  its  origin  1.300  m aft  of  the  nozzle 
at  the  root  quarter  chord  point  of  the  wing  planform.  For  non-zero  values  of  the  skew  angle,  6,  these 
coordinates  were  taken  to  rotate  with  the  wing.  Positive  incidence  was  taken  to  be  nose  down  to  ensure 
consistency  of  'positive'  lift  with  either  wing  incidence  or  downward  gust  velocity. 

Aerodynamic  forces  on  Che  wings  were  measured  by  a cantil^er  type  lift,  pitching  moment  and 
rolling  moment  sensing  sting  balance.  The  balance  was  designed  for  very  low  strain  levels  and 
minimum  length  Co  maximise  the  natural  frequencies  of  bending  and  torsional  vibrations.  Adequate 
sensitivity  was  maintained  by  the  use  of  semi-conductor  strain  gauges  with  a high  gauge  factor  ('v>  180) 
and  a negligible  level  of  gauge  factor  drift  due  to  temperature  ('V'  0.022Z  per  °C)  using  internal 
compensation. 

The  effects  on  the  measurements  of  oscillatory  deflection  of  the  sting  under  oscillatory  aerodynamic 
loads  were  calculated.  The  magnitude  of  resulting  measurement  error  was  shown  to  be  extremely  small  due 
Co  the  combination  of  high  sting  stiffness  and  the  small  aerodynamic  loads  that  were  involved.  The 
accuracy  of  the  measurements  was,  however,  affected  by  the  sting-wing  system  behaving  as  a simple  two 
degree  of  freedom  dynamical  system  in  bending  and  torsion  with  natural  frequencies  of  60  Hz  and  38  Hz 
respectively.  A measured  dynamic  calibration  of  each  sting-wing  system  required  the  amplitude  of  the 
oscillatory  lifts  and  rolling  moments  to  be  corrected  by  up  Co  about  2Z  and  5Z  respectively  at  the 
highest  test  frequency  ('v  12  Hz).  The  low  damping  present  in  the  system  produced  negligible  phase 
errors . 

The  incidence  gust  angle  and  resultant  wing  force  output  signals  were  recorded  by  two  different 
digital  sampling  systems. 

The  measurements  at  single  frequencies  were  made  using  a system  that  sampled  the  signal  to  be 
measured  at  selected  time  instants  over  successive  oscillation  cycles.  A reference  signal,  from  an 
upstream  gust  angle  measuring  yawmeCer,  supplied  the  information  for  selecting  the  sampling  time 
instants.  The  resulting  data  was  a set  of  'phase  averages'  which  described  the  signal  to  be  measured 
in  relation  to  the  reference  signal.  The  phase  average  can  be  defined  as  Che  average  value  of  the 
measured  signal  over  several  successive  cycles  that  is  obtained  at  a particular  phase  of  the  reference 
signal  wave  cycle. 

The  signals  for  tests  at  a combination  of  two  frequencies  were  recorded  by  a fast  continuous  digital 
sampling  system  which  had  the  capability  of  sampling  the  reference  and  a measured  signal  simultaneously 
over  a number  of  oscillation  cycles. 

Data  from  both  sampling  systems  were  fed  to  a mini-computer  which  performed  a numerical  harmonic 
analysis  of  the  data  secs  at  the  forcing  frequencies  in  the  reference  gust  angle.  After  calibration  and 
correction  factors  had  been  applied,  the  final  results  were  obtained  as  amplitude  and  phase  angles  of 
ACj^/Wg  , ACpif/Wg  and  ACm^/Wg  against  frequency  parameter  uc/U  for  each  frequency  in  the  input  gust. 

The  phase  angles  were  relative  to  the  undisturbed  flow  at  the  wing  root  quarter  chord  point  in  the 
absence  of  the  wings.  A measure  of  Che  experimental  uncertainty  in  the  data  presented  here  can  be 
estisuced  as  approximately  ±3Z  in  amplitude  values  and  t2°  for  phase  angles.  Ref.l  gives  further 
details  of  Che  sampling  and  data  processing  apparatus. 


3.  THE  ^CASl]REMENTS 

3.1.  On  Wings  In  Symmetric  Attitudes  To  Harmonic  Single  Frequency  Gusts 

These  tests  were  performed  with  the  approaching  oscillatory  gust  front  perpendicular  to  the  wing 
plane  of  synaetry,  (i.e.  with  8 • 0°). 

Data  from  steady  flow  measurements  of  lift  and  pitching  moment  against  incidence  is  condensed  in  Table 
1 for  both  wings  A and  B together  with  calculated  values  based  on  inviscid  lifting  surface  theory  (Ref. 2). 


These  show  good  agreement  with  the  experiments. 
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As  pointed  out  in  ss.2.2,  force  measurements  in  oscillatory  flow  are  presented  relative  to  the  free- 
stream  oscillatory  gust  at  the  root  quarter  chord  point.  A yawmeter  situated  at  this  point  was  used  to 
measure  the  freestream  gust  relative  to  conditions  at  a reference  upstream  yawMter  in  the  absence  of 
the  wing.  Force  measurements  were  then  made  relative  to  the  ^stream  yawoeter  output  and  Che  two  data 
sets  combined  to  give  aaq)litude  and  phase  of  ACj^/Wg  and  ACpn/wg  against  uc/U  relative  to  the  undisturbed 
flow  at  the  wing  root  quarter  chord  point. 

A comprehensive  range  of  tests  was  performed  for  both  wings  at  constant  gust  amplitude  (w.  • 0.031A 
or  1.8°)  over  a range  of  frequency  parameters  (1.0  < uc/U  < 5.06)  at  two  incidences  (0°  and  4°)  and  two 
freestream  velocities  (12.43  and  20.00  m/s).  Measurements  were  also  made  on  both  Che  %h.ngs  at  constant 
frequency  parameter  (''•  2.2  and  2.51  per  unit  chord),  0°  incidence  and  varying  gust  amplitude  (0.0087 
(0.5°)  <Wg  < 0.054  (3.1°)). 

Results  for  Che  variation  of  AC, /Wg  and  AC-^/w  with  freestream  gust  amplitude  for  the  wings  are 
listed  in  Table  2.  No  significant  cKange  due  Co  freestream  gust  amplitude  is  evident.  ^ 

Fig. 7 shows  the  effects  of  frequency  parameter  on  Che  force  results  for  rectangular  wing  A at  0°  , 

incidence.  Important  points  to  note  are  the  close  agreement  between  data  at  Che  two  freestream  velocities, 
the  manner  in  which  the  in-phase  amplitude  curve  in  lift  appears  to  approach  zero  frequency  parameter  and 
the  magnitude  of  the  lift  out-of-phase  component  which  is  equivalent  at  high  frequency  parameters  to  a 
phase  lag  of  about  23°  relative  to  Che  freestream  gust.  The  significant  variation  of  pitching  moment 
amplitude  with  frequency  parameter  is  also  of  interest.  Fig. 8 displays  the  results  for  wing  B at  0° 
incidence.  In  addition  to  having  the  features  already  mentioned  for  wing  A,  the  effect  of  Che  45°  wing 
sweep  is  apparent  in  the  far  higher  out-of-phase  components  in  lift  and  pitching  moment  observed  here. 

The  amplitude  of  pitching  moment  is  much  larger  chan  in  wing  A because  of  the  rearward  shift  in  aerodynamic  ■ 

centre  from  Che  wing  root  quarter  chord  point  caused  by  wing  sweep.  The  variations  of  wing  forces  with 
frequency  parameter  were  also  measured  at  an  incidence  of  4°  for  both  wings  A and  B.  These  produced 
results  which  were  identical  within  the  bounds  of  experimental  error  to  the  data  at  0°  incidence. 

3.2  On  Wings  in  Symmetric  Attitudes  to  Gusts  at  a Combination  of  Two  Frequencies. 

The  type  of  measurements  described  here  are  illustrated  by  Fig. 9,  showing  the  waveforms  of  instant- 
aneous gust  incidence  and  Che  resultant  lift  response  cn  the  rectangular  wing  A for  frequency  combinations 
of  2 and  4 Hz  and  2 and  8 Hz  respectively.  The  lift  traces  display  a high  frequency  ('u  60  Hz)  ripple 
arising  from  the  sting  balance  and  wing  structural  vibrations  in  bending,  in  addition  to  the  expected 
response  at  the  two  forcing  frequencies.  Measurements  of  spectral  power  density  shotted  that  the  forcing 
and  response  oscillations  were  concentrated  at  the  two  forcing  frequencies  with  no  evidence  of  higher 
harmonics  in  the  lift  response.  The  additional  lift  output  due  to  the  sting  natural  vibration  frequency 
in  bending  was  also  evident  in  the  spectra. 

As  for  Che  single  frequency  measurements  described  in  88.3.1,  the  double  frequency  tests  also  invol- 
ved measuring  both  Che  gust  angle  at  the  test  wing  root  quarter  chord  point  and  Che  wing  forces  relative 
to  a reference  yawmeter  at  a point  upstream  of  the  test  wing.  A numerical  harmonic  analysis  of  the  data 
then  yielded  lift  and_pitching  moment  coefficients  for  each  frequency  in  the  form  of  ampHtude  and  phase 


A systematic  series  of  tests  was  carried  out  on  both  wing  planforms  at  two  incidences  (0°  and  5°)  and 
two  freestream  velocities  (12.43  m/s  and  20.00  m/s),  by  varying  the  two  frequencies  of  Che  input  gust,  the 
amplitudes  at  each  of  these  frequencies  and  the  relative  phase  difference  between  them.  These  tests  inc- 
orporated the  following  cases: 

(1)  Single  frequency  measurements,  identical  Co  Chose  of  ss.3.1,  for  checking  the  recording  apparatus 
and  for  providing  a data  set  with  which  the  double  frequency  measurements  could  be  compared. 

(2)  Double  frequency  measurements  using  a range  of  frequency  pairs  with  the  C%K>  component  frequencies 
of  each  input  having  equal  amplitude  and  zero  phase  difference  relative  to  each  other. 

(3)  Double  frequency  measurement  at  one  frequency  pair  having  equal  amplitude  components  but  with 
varying  phase  difference  Y between  the  two  input  frequencies. 

(4)  Double  frequency  measurements  at  one  frequency  combination  having  zero  phase  difference  between 
the  two  frequencies  but  with  a constant  amplitude  for  one  and  a varying  amplitude  for  the  other 
frequency. 

Fig  .10  shows  the  results  for  wing  A at  0°  incidence  for  input  gusts  described  in  case  (2)  above. 

These  data  are  plotted  over  the  single  frequency  results,  shown  by  full  lines,  for  comparison  purposes. 
Each  double  frequency  response  measurement  is  split  up  into  the  component  amplitude  of  force  at  each 
frequency  before  being  plotted  at  the  t%ro  frequency  parameter  abscissae  values  by  identical  symbols. 

For  example,  in  Fig. 10,  the  dual  frequency  response  at  20.00  m/s  for  an  'input'  gust  frequency  combination 
of  5 and  10  Hz  is  represented  at  corresponding  frequency  parameter  abscissae  points  of  0.157  and  0.314  by 
the  + (plus)  symbol.  Agreement  between  the  single  frequency  and  each  component  of  the  double  frequency 
is  good  with  little  scatter.  Data  at  the  two  freestream  velocities  are  differentiated  throughout  by 
using  open  s}rmbols  (e.g.  x)  for  20.00  m/s  and  closed  symbols  (e.g.O  ,^)  for  12.43  m/s. 

Fig. 11  displays  corresponding  results  to  those  described  above  for  the  lift  response  of  wing  A at  an 
incidence  of  5°.  The  data  points  have  been  plotted  over  the  0°  incidence  results  and  show  that  the  vali- 
dity of  superposition  is  unaffected  by  the  wing  angle  of  incidence  in  attached  flow. 

Fig. 12  illustrates  variation  of  the  lift  response  for  wing  A at  0°  incidence  (U  ■ 12.43  m/s)  due  to 
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changes  in  Che  phase  difference  between  the  two  input  frequencies  (3  and  6 Hz)  which  are  kept  at  equal 
aispliCudes.  The  corresponding  single  frequency  data  are  plotted  to  show  that  the  response  reaains  unchan- 
ged in  the  presence  of  the  two  frequencies  in  Che  incident  flow.  Similar  trends  were  obtained  for  the 
lift  and  pitching  moment  variations  with  amplitudes  of  the  two  frequencies  making  up  the  input  gust. 

These  data  are  not  plotted  here. 

The  complete  set  of  tests  discussed  so  far  were  repeated  for  swept  wing  B.  Figs. 13  and  14  show 
typical  data  from  some  of  the  tests.  Fig. 13  illustrates  Che  results  at  0°  incidence  for  double  frequency 
combinations  of  equal  amplitude  and  zero  phase  difference  between  the  input  frequencies,  again  plotted  with 
the  single  frequency  response  for  comparison.  Fig. 14  displays  Che  effect  of  wing  incidence  on  Che  double 
frequency  response.  These  results  for  wing  B also  exhibit  generally  good  agreement  between  the  single 
frequency  response  data  and  Che  components  of  the  double  frequency  response. 

3.3  On  Wings  in  Attitudes  of  Skew  (in  Yaw)  Co  Harmonic  Single  Frequency  Gusts 

These  tests  were  carried  out  with  planforms  A and  C mounted  at  attitudes  of  skew  (in  yaw)  relative 
to  an  incident  two-dimensional  gust  field.  The  force  balance  used  for  previous  tests  was  modified  to 
incorporate  a wing  mount  which  could  be  skewed  by  up  to  20°. 

Initial  experiments,  with  the  wings  positioned  symmetrically  in  the  gust  field,  yielded  data  which 
conformed  with  previous  such  results.  Tests  with  the  things  in  skewed  attitudes  were  carried  out  for  both 
planforms  at  angles  of  skew  (6)  of  10°  and  20  with  wing  incidence  angles  of  0°  and  3°  at  two  freestream 
velocities  (12.43  and  20.00  m/s)  and  over  a range  of  frequency  parameters.  The  gust  amplitude  was,  how 
ever,  kept  constant  at  Wg  • 1.8°  for  these  tests. 

Steady  flow  experiments  at  skew  angles  of  6-10°  and  20°  for  both  wings  yielded  trends  in  measured 
rolling  moments  which  were  due  to  the  differential  sweep  of  Che  two  wing  halves  in  the  flow^  This  effect 
was  virtually  non-existent  for  rectangular  wing  A but  was  quite  marked  for  wing  C with  a 45°  sweep  angle. 
These  results  are  condensed  in  Table  3 in  terms  of  the  lift  and  moment  curve  slopes.  The  lift  curve  slope 
for  wing  A at  6 - 0 measured  here  is  slightly  lower  than  the  value  reported  in  ss  3.1  for  the  equivalent 
experiment.  This  is  believed  to  be  due  to  the  aerodynamic  effects  of  the  bulkier  sting  mounting  at  Che 
wing  root  which  is  required  for  rotating  the  wing  in  skew. 

In  Che  oscillatory  flow  tests  for  wing  A,  the  lift  and  pitching  moment  distributions  with  frequency 
parameter  at  a skew  angle  of  9 - 10°  were  virtually  identical  to  the  syzsnetric  response  (6  - 0°).  Fig. 15, 
however,  shows  such  data  for  lift  at  6 - 20  , and  these  results  do  differ  markedly  from  Che  symmetric 
values.  Significant  effects  of  skew  angle  are  evident  in  the  rolling  moment  measurements  displayed  in 
Fig. 16.  The  amplitude  of  rolling  moment  increases  almost  linearly  with  frequency  parameter  but  for  both 
e - 10°  and  20°,  the  phase  angle  variation  remains  constant  at  about  110°  lag.  These  characteristics  are 
consistent  with  Che  manner  in  vdiich  Che  rolling  moment  develops  on  the  rectangular  planform  in  oscillatory 
flow.  The  phase  lag  of  110°  arises  because,  for  a rectangular  wing  at  an  angle  of  skew,  the  rolling  mo- 
ment due  to  the  gust  incidence  distribution  with  distance  downstream  lags  the  freestream  oscillation  by 
90°  and  Che  resultant  lift  further  lags  the  incidence  angle  by  approximately  20°. 

For  wing  C,  Fig. 17  shows  Che  lift  and  pitching  moment  variations  against  frequency  parameter  at  skew 
angles  of  6 - 0°  and  20°.  As  for  wing  A,  these  results  display  a small  effect  of  skew  angle  on  lift  and 
pitching  moment  although  the  results  for  6-0°  and  10°  do  agree  closely  with  each  other.  The  rolling 
moment  distributions  for  6 • 0°,  10°  and  20°  are  shown  in  Fig. 18.  A non-zero,  in-phase  rolling  moment  at 
6-0°  indicates  sosie  small  asyimnetry  in  the  two  wing  halves.  However,  for  6 • 10°  and  20°,  the  rolling 
moisent  changes  mirror  the  differential  lifts  from  the  tm  wing  halves  due  to  their  unequal  sweep  angle  to 
Che  flow.  In  contrast  to  Che  results  for  wing  A,  these  data  exhibit  a constant  rolling  moment  amplitude 
and  increasing  phase  lag  with  frequency  parameter  for  each  value  of  skew  angle  6.  This  latter  effect  can 
be  accounted  for  by  the  large  downstream  extent  of  the  highly  swept  wing  C being  influenced  by  Che  stream- 
wise  incidence  variations  of  the  travelling  wave  gust  field  which  become  more  pronounced  with  increasing 
frequency  parameter.  The  larger  rolling  moment  amplitudes  observed  for  wing  C are  a consequence  of  the 
highly  asymaetric  lift  distributions  that  must  exist  on  the  two  wing  halves. 


4.  DISCUSSION  AND  CONCLUSIONS 

All  the  experiments  in  this  investigation  were, per formed  with  attached  flow  on  Che  wing  surfaces  at 
all  tiises  and  at  low  Reynolds  numbers  (up  to  2 x 10°  based  on  root  chord)  with  transition  strips  on  both 
surfaces  just  aft  of  the  leading  edges  to  siasilate  the  boundary  layer  at  higher  Reynolds  number.  No  irind 
tunnel  corrections  have  been  applied  to  the  acquired  data.  The  steady  flow  lift  force,  pitching  and 
rolling  sK>ment  curve  slopes  are  used  for  the  zero  frequency  cases  in  the  oscillatory  flow  results. 

In  the  following  disucssion  a few  general  points  are  considered  first. 

All  the  tests  indicate  that  the  measured  lift  forces  and  sniaent^are  proportional  to  the^  freestream 
gust  amplitude.  Table  2 lists  typical  d£ta  and  shows  AC,/w  , ACp^^/w  to  be  constant  with  w over  the 
available  range  of  gust  asiplicudes  (0  < w^  < 3.1°).  8 8 8 

The  lift  and  pitching  moment  amplitude  (ACj /w  and  ACp^/w  ) variations  with  frequency  parameter 
(uc/U)  for  all  the  wings  show  that  results  for  tne  fwo  freestrens  velocities  are  closely  consistent  with 
each  other  in  that  they  collapse  on  to  the  seme  curve  when  plotted  in  tense  of  the  frequency  parameter, 
wc/u.  Furthermore  these  results  remsin  independent  of  wing  incidence.  The  variation  of  phase  lag  with 
frequency  parameter  appears  to  depend  primarily  on  sweep  angle,  so  that  the  higher  the  sweep,  the  greater 
is  the  phase  lag  increase  with  frequency.  This  effect  is  to  be  expected  since  the  phase  of  the  incident 
gust  distribution  alters  with  distance  downstream.  Fig. 19  shows  these  phase  changes  with  sweep  for 
wings  A and  C,  both  of  aspect  ratio  6 but  with  sweep  angles  of  0°  and  45°  respectively. 
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An  iaportant  part  of  the  present  study  is  the  comparison  of  acquired  experimental  data  vith  exist- 
ing theories.  In  oscillatory  flow,  the  travelling  wave  nature  of  the  incident  gust  has  to  be  accounted 
for  within  a theoretical  solution  of  the  problem.  For  the  experiisents  reported  here,  the  gust  convection 
velocity  is  0.61  of  the  freestream  velocity.  An  oscillatory  gust  which  is  convecting  downstream  with  the 
freestream  velocity  can  be  expressed  mathematically  as: 

w (x,  t)  - e“<‘  * (3) 

with  the  notation  of  Fig.  6 and  equation  (1).  Taking  v>uc/U  and  x • x/c  gives 

— , — ivx  iut  ,,  V 

w (x,  t)  • w e e W 

% 

where  c is  the  mean  chord  of  a stationary  wing  in_the  flow  field.  The  problem  can  be  solved  for  the  aero- 
dynaauc  force  amplitude  per  unit  gust  aisplitude  (w^)  in  terms  of  the  frequency  parameter  v. 

However,  the  oscillatory  single  frequency  gust  in  Che  test  facility  can  be  written  as 


w (X,  t)  - Wg  ei“ 


and  transformed  to  a gust  of  the  form 


5 (x,t)  - S e“* 

8 


incident  on  a stationary  wing.  This  problem  is  identical  to  Che  preceding  one  except  for  an  effective 
change  of  the  oscillatory  gust  wavelength.  Therefore,  comparisons  between  theories  based  on  gusts  moving 
trith  the  freestream  velocity  and  the  present  experiments  can  be  made  by  interpreting  the  change  in  wave- 
length at  specifying  an  'effective'  frequency  parameter  v' , for  the  experiments  to  be 


Several  theoretical  models  are  currently  available  for  the  calculation  of  harmonic  oscillatory 
inviscid  flow  around  finite  wings.  One  of  these  is  lifting  surface  theory:  see  Multhopp  (3),  Garner(4) , Gamer 
and  Fox  (5).  Computations  using  this  method  (Garner  and  Davies  (2))  have  been  performed  for  wings  A 
and  B.  The  calculated  results  are  plotted  in  Figs.  1 and  8 for  comparison  with  experiment.  The 
calculations  incorporate  the  effective  frequency  parameter  required  to  account  for  the  travelling  wave 
velocity  of  the  incident  gust. 

Force  measurements  on  wings  A and  B in  periodic  gusts  consisting  of  coiid>inations  of  two 
frequencies  are  sussaarised  in  Figs.  10  to  14.  The  measured  forces  are  split  up  into  their  respective 
components  at  the  two  forcing  frequencies  and  then  compared  with  a previously  recorded  response  at 
single  frequencies  in  order  to  provide  a measure  of  the  applicability  of  superposition.  The  results 
demonstrate  that  the  superposition  principle  applies  generally  for  any  double  frequency  gust  by 
tests  which  have  systematically  varied  the  frequency  pairs  making  up  the  input,  the  phase  difference 
between  the  two  frequencies  and  the  aaq>litude  levels  of  each  frequency. 

Further  measurements  of  lift,  pitching  moment  and  rolling  moment  are  presented  in  Figs.  15  to  18 
for  wings  A and  C at  angles  of  skew  of  6 • 10°  and  20°  to  the  incident  gust  front.  These  results 
show  that  the  total  oscillatory  lifts  and  pitching  moment  amplitudes  are  not  unduly  affected  by  the 
skewed  wing  attitude  but  the  asymmetric  lift  distributions  on  the  two  wing  halves  do  generate 
significant  rolling  snawnts  which  are  quantified  in  Figs.  16  and  18  for  wings  A and  C respectively. 


The  experiments  described  in  this  paper  are  a small  part  of  the  overall  prograane  of  research 
into  unsteady  aerodynamics  using  two  gust  tunnels  at  Queen  Mary  College.  It  is  felt  that  these  results 
should  prove  useful  in  reaching  a better  understanding  of  the  unsteady  flow  around  finite  wings  as 
well  as  in  providing  test  cases  for  comparison  with  currently  available  calculation  methods. 
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6.  NOTATION 


x.y.* 

X 


U 


w 

V 


a 

Y 


6 

ACl 

ACpM 

ACrm 

AL 


V 

V* 


P 

♦ 


Cartesian  frame  of  reference  axes  shown  in  Fig. 6 
Nondimensionalised  x coordinate  (•  x/c) 

Aerodynamic  centre  position  aft  of  wing  apex 

Time  dimension 

Wing  aspect  ratio  . 

Lift  coefficient  (“L/jpU^S)  2 

Pitching  moment  coefficient  (-  Mp/JpU  Sc) 

Rolling  moment  coefficient  (•  M|^/)pU^Sc) 

Wing  chord 
Lift  force 

Pitching  moment  and  rolling  moment  about  y and  x axes  respectively 

Wing  area  in  plan 

Mean  freestream  velocity 

Instantaneous  vertical  velocity  (downwash)  component  of  gust 
Instantaneous  angle  of  incident  gust  (•  w/U) 

Amplitude  of  vertical  velocity  (downwash)  component  in  oscillatory  flow 
Amplitude  of  incident  gust  angle  in  oscillatory  flow  («  Wg/U) 

Angle  of  incidence  of  test  wing;  positive  nose  down  about  y axis  (Fig, 6) 

Phase  difference  between  the  two  frequencies  of  the  double  frequency  gust  in  terms 

of  the  higher  frequency  U2 

Wing  angle  of  skew  (rotation  about  z axis) 

Amplitude  of  lift  coefficient  (-  AL/)pU^S) 

Amplitude  of  pitching  moment  coefficient  (•  AMp/ipU^Sc) 

Amplitude  of  rolling  moisent  coefficient  (~  AMg/ipU^Sc) 

Amplitude  of  lift  force 

Amplitude  of  pitching  moment  about  y axis 
Amplitude  of  rolling  moment  about  x axis 
Sweep  angle  of  wing  quarter  chord  line 
Frequency  parameter  (•  uc/U) 

'Effective'  frequency  paraaieter  (•  uc/0.61U) 

Air  density 

Phase  lead  between  wing  force  or  moment  and  freestream  oscillation 
Radian  frequency 


Subscripts 

1 Quantities  referring  to  the  lower  of  a combination  of  two  frequencies 

2 Quantities  referring  to  the  higher  of  a combination  of  two  frequencies 


7.  TABLES 


Wing 

Pitching 

.•«»  o o.  Moment  Curve  Slope 

Lift  Curve  Slope 

Aerodynamic 
Centre  Position 

Xac/c 

Expt. 

Theory  Expt. 

Theory 

Expt. 

Theory 

A 

B 

4.03 

2.84 

4.21  0.0 

3.02  2.48 

0.0 

2.78 

0.25 

1.12 

0.25 

1.17 

Steady  Flow  Results  : SyBctric  Wing  Attitude  (6  ■ 0°) 
Table  1. 
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OSCILLATORY  GUST  AMPLITUDE  VARIATION  \VITH  DOV/NSTREAM  DISTANCE 
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SUMMARY 

The  exact  prediction  of  unsteady  airloads  on  arbitrary  oscillating  configurations  is  of  fundamental 
importance  for  a detailed  flutter  analysis.  For  these  aeroelastic  investigations,  a numerical  method  has 
been  developed  to  calculate  the  steady  and  unsteady  pressure  distributions  on  harmonically  oscillating 
three-dimensional  wings  and  bodies  in  subsonic  flow. 

The  method  is  based  on  a complex  velocity  potential  represented  by  appropriate  singularity  dis- 
tributions on  the  real  oscillating  surfaces.  Therefore,  the  exact  geometric  boundary  condition  on  the 
arbitrary  body  surface  can  be  taken  into  account. 

The  following  three  different  cases 

- oscillating  three-dimensional  thin  wings 

- oscillating  bodies  at  incidence 

- oscillating  three-dimensional  wings  with  finite  thickness  and  incidence 
have  been  Investigated  intensively. 

Numerical  results  for  a variety  of  problems  have  been  checked  against  other  analytical  methods  as 
well  as  against  experimental  data.  The  agreement  was  found  to  be  very  satisfactory. 


LIST  OF  SYMBOLS 
X.  y.  z 
X.  r,  v> 

€.  n.C 

♦ . ♦ 

u 

00 

a 

00 

Ma 

00 

p 
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cartesian  coordinates 
cylindrical  coordinates 

panel  coordinates  ((  perpendicular  to  the  panel  surface) 
reference  length 
velocity  potential 
main  flow  velocity 
velocity  of  sound 
Mach  number.  Ma 

0 

static  pressure 
density 

1 2 

(tynamic  pressure  of  undisturbed  flow,  q ■ 7 p U 

\x>  8 00 

pressure  coefficient,  c ■ 

P *100 


U /a 
00'  CD 


complex  unsteady  pressure  coefficient,  c 


c*  + i c» 
P P 


angle  of  incidence 


o'.  C 


amplitude  of  oacillation 


t 

time 

u 

frequency 

reduced  frequency 

F 

area 

1.  INTRODUCTION 

For  the  calculation  of  unsteady  pressure  distributions  on  oscillating  wing  surfaces,  a variety  of 
semi  analytical  and  numerical  methods  have  been  developed  in  recent  years.  The  best  known  are  the 
kernel  function  methods  [1],  [2],  which  use  analytically  defined  pressure  distribution  functions,  and  the 
doublet  lattice  method  [3].  The  latter  is  a fully  numerical  concept  which  represents  the  wing  surface 
by  a large  number  of  small  surface  panels.  Both  kernel  function  and  doublet  lattice  method  use  the 
acceleration  potential  with  a corresponding  acceleration  doublet  distribution  on  the  wing  surface  to 
match  the  boundary  condition.  The  advantage  of  this  concept  is  that  the  wake  of  the  wing  has  not  to  be 
taken  into  consideration  - there  is  no  pressure  jump  through  the  wake  surface. 

In  [4]  a method  is  described  which  is  based  on  the  velocity  potential  and  uses  velocity  doublet  dis- 
tributions on  the  wing  surface.  First  two  dimensional  results  using  this  concept  are  discussed. 

For  the  present  numerical  methods,  the  same  velocity  potential  concept  has  been  used.  Two  ad- 
vantages characterize  this  method 

1.  The  aerodynamic  influence  functions  are  rather  simple  compared  to  the  equivalent  expressions 
for  the  acceleration  potential 

2.  The  method  is  not  restricted  to  linearized  lifting  surface  theory,  but  can  be  extended  to  ar- 
bitrary surfaces  in  a straightforward  manner. 

A disadvantage  is  that  the  wake  has  to  be  taken  into  account,  thus  leading  to  rather  complicated  semi- 
infinite  wake  integrals.  A method  has  been  developed  to  evaluate  these  wake  integrals  by  numerical 
methods. 

In  the  following,  the  theoretical  background  and  the  numerical  handling  of  the  following  three  dif- 
ferent problems: 

a)  3d-mean  surface  unsteady  theory 

b)  oscillating  body  at  incidence 

c)  3d -oscillating  wing  with  finite  thickness  and  incidence 

on  the  basis  of  the  velocity  potential,  will  be  discussed,  and  numerical  results  will  be  presented  which 
have  been  obtained  by  the  corresponding  three  computer  programs  developed  for  each  case.  The  nume- 
rical results  are  compared  with  corresponding  experimental  data. 


2.  TRANSFORMATION  OF  THE  UNSTEADY  SUBSONIC  POTENTIAL  EQUATION 


The  linearized  time -dependent  potential  equation,  serving  as  a starting  point  for  all  unsteady  po- 
tential theories,  reads  for  subsonic  flow 
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with  Ma^  as  the  Mach  number  of  the  undisturbed  flow,  and  4 the  time  dependent  velocity  potential. 


In  the  case  of  harmonic  time -dependency,  the  well  known  transformation 
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can  be  used  to  reduce  Eq.  (1)  to  the  Helmholtz  wave  equation 
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The  cartesian  coordinates  and  the  time  are  made  dimensionless  in  the  usual  way  by 


X ' x/l„ 


Y = ypn„ 


'0  * * •''"'O’ 

In  Eqs.  (2)  and  (3),  the  reduced  frequency 

(4)  u*  = 

occurs  as  the  most  important  unsteady  parameter. 
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The  Helmholtz  wave  equation  quite  obviously  reduces  to  the  simple  Laplace  equation  for  the  trans- 
formed velocity  potential  ♦ in  two  limiting  cases: 

a)  Incompressible  flow  (MSjjp®  0) 

Here  the  time  dependency  is  only  expressed  by  the  fact  that  the  transformed  potential  is  a complex 
quantity  with  both  real  and  imaginary  parts.  The  mode  and  the  frequency  of  oscillation  do  o*»ly  enter  the 
problem  by  the  boundary  condition.  For  this  special  Incompressible  case,  a numerical  ocedure  for 
the  calculation  of  unsteady  airloads  on  oscillating  bodies  and  wings  with  arbitrary  surface  geometries 
has  been  developed. 

b)  Compressible  steady  flow  (u*  = 0) 

This  is  the  steady  case  with  a Prandtl-Glauert  type  of  transformation  for  the  body  coordinates.  For 
the  more  arbitrary  case  of  imsteady  compressible  flow,  the  Helmholtz  wave  equation  can  be  transformed 
into  an  Integral  equation  by  use  of  Greens  theorem 


(5) 


F+W 


where  r is  the  distance  between  the  source  point  and  the  control  point  on  the  wing  surface.  d4/8Z 
expresses  the  normal  velocity  on  the  wing  induced  by  a doublet  distribution  of  harmonically  oscillating 
strength. 


The  integral  in  Eq.  (5)  has  to  be  taken  over  the  wing  and  wake  surfaces,  respectively.  Due  to  the 
governing  linearized  potential  equation,  the  wing  surface  is  now  assumed  to  be  infinitely  thin.  The  wake 
is  located  in  the  plane  of  the  wing.  Af  expresses  the  velocity  potential  difference  between  the  upper 
and  lower  surfaces  of  the  wing. 


The  prescribed  downwash  velocity  on  the  wing  due  to  the  oscillating  movement  is  given  by 
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with  f as  the  displacement  of  a surface  point  due  to  the  oscillation 

f * fCX.Yle^*"^  . 

In  addition  to  the  boundary  condition  on  the  wing  sirnface,  the  Kutta  condition  at  the  trailing  edge  of  the 
wing  has  to  be  applied.  This  leads  to  a potential  distribution  in  the  wake 
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with  V • u*/ $ and  X^  as  the  location  of  the  wing  trailing  edge.  It  follows  from  Eq.  (7)  that  in  the  un- 
steady case,  the  potential  in  the  wake  is  no  longer  a constant. 

Once  the  integral  equation  (5)  is  solved  for  the  unknown  potential  differences  A4.  the  unsteady 
pressure  coefficient  Acp  as  the  pressure  difference  between  the  wing  lower  and  upper  surface  can  be 
determined  by  means  of  Bernoulli's  theorem: 
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3.  NUMERICAL  SOLUTION  OF  THE  INTEGRAL  EQUATION  AND  RESULTS 


For  the  solution  of  Eq.  (5)  a panel  type  discretisation  procedure  is  applied,  dividing  the  oscillating 
surface  into  a large  number  of  small  plane  surface  elements.  Fig.  I shows  a typical  panel  arrangement 
for  a swept  wing  with  control  surfaces  at  the  trailing  edge.  The  panels  are  concentrated  at  the  wing  and 
control  surface  leading  edges,  respectively,  accounting  for  the  large  gradients  of  A4  in  these  regions. 
Assuming  constant  doublet  strengths  for  each  panel  Eq.  (3)  can  be  written  in  discretized  form 
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where  34/dZ  is  replaced  by  the  amplitude  of  the  prescribed  downwash  W (Eq.  (6)).  The  second  term 
in  Eq.  (9)  represents  the  influence  of  the  wake,  taking  into  account  the  Kutta  condition  (Eq.  (7))  at  the 
wings  trailing  edge. 


The  remaining  surface  integrals  in  Eq.  (9)  over  each  panel  surface  - the  aerodynamic  Influence 
function  - must  be  evaluated  by  numerical  means.  In  [5]  it  is  shown  in  detail  that  the  surface  integrals 
can  be  reduced  to  line  integrals  along  the  panel  edges.  All  integrals  can  be  expressed  by  both  incom- 
pressible and  compressible  terms.  The  wake  integral  is  complicated  by  the  exponential  function  oc- 
curing  in  the  Integrand.  In  [5]  it  is  mentioned  that  the  integration  in  the  spanwise  direction  can  be  done 
analytical.  The  remaining  integral  of  the  type 

00 

(10)  J = J e^“*  f(t)  dt 

0 

can  be  reduced  to  an  integral  with  a finite  boundary  by  the  transformation 

T - »/  |s|  . 

Using  the  periodic  behavior  of  the  exponential  function  gts(t  + nT)^  ^ _ 1,2,...  one  obtains 

T 

(11)  J = J e‘®*{f(t)  -f(t-tT)  -t- f(t-t2T)  - + ...  dtj 

0 

where  only  a finite  number  of  terms  in  the  infinite  series  is  taken  into  account.  The  final  calculation  of 
J is  done  by  use  of  Simpsons  rule. 

Once  the  aerodynamic  influence  functions  of  both  wing  surface  and  wake  panels  have  been  calcu- 
lated. Eq.  (9)  can  be  solved  in  the  usual  way  as  a linear  system  of  equations  with  the  potential  differences 
A$  as  the  solution  vector.  In  Eq.  (8),  the  streamwise  derivative  of  A9  is  necessary  to  calculate  the 
pressure  coefficients  Acn.  This  differentiation  is  done  numerically  by  a spline  interpolation  process. 
For  the  determination  of  local  lift  and  moment  coefficients  this  differentiation  is  avoided  and  only  a 
simple  numerical  integration  remains. 
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3.  1 THREE-DIMENSIONAL  THIN  WINGS 

The  velocity-potential  panel  method  will  first  be  applied  to  the  limiting  case  of  a thin  3d-wing  with 
arbitrary  planform,  including  one  or  more  control  surfaces  at  the  trailing  edge.  Fig.  1 shows  a wing 
with  two  control  surfaces  (inner  and  outer  flap)  which  has  been  investigated  experimentally  in  incom- 
pressible flow  [6].  Fig.  2 gives  results  in  two  spanwise  sections  for  the  case  of  ^e  inner  and  outer  flaps 
oscillating  in  anti-phase.  The  wing  remaines  in  a stationary  position.  The  agreement  between  numeri- 
cal and  experimental  results  is  quite  good.  Some  small  differences  can  only  be  observed  at  the  control 
surface  leading  edge.  This  is  due  to  a small  gap  there  in  the  experimental  case. 

Fig.  3 shows  quasi-steady  and  unsteady  pressure  distributions  for  the  case  of  a rectangular  wing 
with  an  oscillating  control  surface  at  high  subsonic  flow.  Two-dimensional  experimental  data  [7]  are 
plotted  for  comparison.  To  represent  the  limiting  two  dimensional  case  a rectangular  wing  of  aspect 
ratio  A * 8 is  used  for  the  numerical  calculation.  The  results  in  Fig.  3 are  obtained  in  a spanwise 
section  close  to  the  plane  of  symmetry.  The  results  show  that  the  mean  surface  theory  predicts  the  ex- 
perimental data  very  well,  even  up  to  high  subsonic  flow  velocities.  At  Mach  numbers  Ma^Q  >0.8  the 
Influence  of  the  shock  leads  to  increasing  differences.  It  is  remarkable  that  the  lift  and  moment  coef- 
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ncients  are  well  predicted  by  the  lifting  surface  theory  to  even  higher  Mach  numbers  [SJ.  More  results 
for  different  wing  planforms  and  oscillation  modes  are  given  in  [5). 


■ 


3.2  OSCILLATING  BODIES  AT  INCIDENCE 

It  is  the  advantage  of  the  velocity  potential  panel  method  that  it  can  be  applied  In  a straightforward 
manner  also  to  bodies  of  more  complicated  geometry.  It  has  already  been  pointed  out  that  in  the  limiting 
case  of  incompressible  flow,  the  Helmholtz  wave  equation  reduces  to  Laplace's  equation  with  a simple 
type  of  Green's  function. 

The  main  influence  of  a body  with  reasonable  thickness  is  the  displacement  effect,  which  can  be 
well  represented  by  a surface  source -sink  distribution.  If  the  same  discretisation  procedure  is  applied 
for  the  body  surface,  splitting  it  up  into  small  plane  panels,  the  aerodynamic  influence  function  (induced 
normal  velocity)  of  a source  panel  is  expressed  by 

i‘«  ^ ■ K % iT  (?) '“' 

AF 

n 

with  On  as  the  yet  unknown  source  strength.  The  normal  velocity  components  Induced  in  a control  point 
by  the  influence  of  all  source  panels  must  be  equal  but  opposite  in  sign  to  the  prescribed  normal  velocity 
on  the  real  body  surface  due  to  the  oscillatory  movement  of  the  body  and  due  to  the  influence  of  the 
mainflow.  This  kinematic  boundary  condition  leads  to  the  integral  equation,  and  further  on  to  the  linear 
system  of  equations,  for  the  evaluation  of  the  unknown  Oq-vector. 

Fig.  4 shows  a body  of  revolution  at  incidence  undertaking  oscillations  about  a pitching  axis  through 
the  midpoint.  In  contrast  to  the  Unearized  boundary  condition  of  the  mean  surface  theory,  where  steady 
and  unsteady  parts  are  completely  separated,  now  the  prescribed  normal  velocity  contains  both  steady 
and  unsteady  parts  as  follows: 


a)  Velocity  due  to  the  oscillatory  movement 

If  r'  is  the  perpendicular  distance  of  the  surface  point  from  the  axis  of  rotation  (Fig.  4),  the  dis- 
placement of  this  point  is 
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and  the  velocity 
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with  a component  normal  to  the  body  surface 
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In  Eq.  (15)  o*  is  the  angle  between  the  surface  tangent  and  the  axis  of  rotation  (Fig.  4). 


2.  Velocity  due  to  mainflow 


The  complete  angle  of  attack  can  be  expressed  by  both  a steady  and  a harmonic  oscillating  part 
(Fig.  4): 
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leading  to  a time  dependent  normal  velocity  component  of  the  mainflow  velocity 
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which  can  be  expressed  by  steady,  first,  and  higher  harmonic  parts 
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In  the  following,  the  series  in  Eq.  (18)  will  be  truncated  after  the  second  harmonic  part.  Due  to  the  linear 
behavior  of  the  governing  Laplace  equation  the  flow  potential  can  also  be  expressed  by  steady  and  un- 
steady parts; 


(19) 
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Differentiation  of  Eq.  (19)  with  respect  to  the  surface  normal  direction  (J  and  introduction  of  the  boundary 
condition  Eqa.  (15)  and  (18)  yields: 
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The  aerodynamic  influence  functions  on  the  left  hand  side  of  Eq.  (20)  are  given  by  Eq.  (12)  and  are  identi- 
cal for  the  steady  and  unsteady  cases  respectively.  The  integral  equation  (20)  can  be  solved  separately 
for  the  steady  and  the  unsteady  cases  forming  linear  systems  of  equations  with  three  or  more  ri{^t  hand 
sides  and  resulting  in  three  or  more  o^jj-vectors. 


It  can  be  shown  that  the  unsteady  Bernoulli  equation  represented  in  body  fixed  coordinates  can  also 
be  expressed  separately  by  steaciy  and  unsteady  parts: 


(21) 


P-P„ 


(U^+ V)‘ 
00 


00 


2 3*  _ . iw*T  . _ .2  2i<j*T 

— s“  ■ — o +c,o'e  +c„o'  e 

y2  at  y2  ps  pi  p2 

00  00 


where  m defines  the  resulting  flow  velocity  vector  relative  to  the  mioving  surface,  and  V is  given  by 
Kq.  (14). 


Fig.  5 shows  some  typical  results  for  a spheroid  at  incidence  with  steady,  first  and  second  harmo- 
nic pressure  distributions  along  meridians.  In  the  unsteady  cases,  the  axis  ratio  of  the  spheroid  serves 
as  a parameter.  It  should  be  mentioned  that  the  second  harmonics  are  proportional  to  a'^ , so  in  the 
case  of  small  amplitudes,  these  pressure  terms  may  be  neglected. 


Fig.  6 gives  first  harmonic  pressure  distributions  along  three  meridians  for  a spheroid  with  cy- 
lindrical afterbody  at  pitching  oscillations  about  the  midchord  axis.  The  numerical  results  are  compared 
with  corresponding  unsteady  pressure  measurements  (8).  Except  in  the  afterbody  region,  where  separa- 
tion seems  to  occur,  the  experimental  data  are  well  predicted  by  the  theoretical  pressure  curves. 


3.  3 THREE-DIMENSIONAL  WINGS  WITH  FINITE  THICKNESS  AND  STATIC  ANGLE  OF  ATTACK 


For  the  extension  of  the  mean  surface  theory  described  in  a previous  section  to  3d-wings  with  finite 
thickness,  two  different  types  of  singularity  distributions  are  now  taken  into  account: 

1.  Source-sink  distribution  on  the  real  body  surface  (Eq.  (12))  corresponding  to  the  body -case 

2.  Doublet  distribution  also  on  the  real  body  surface. 

This  concept  has  already  been  used  for  steady  cases  by  HESS  [9]. 


The  aerodynamic  influence  fimction  for  a dlpol  distribution  (induced  normal  velocity)  becomes 
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term  in  Eq.  (22)  gives  the  influence  of  a wing  surface  panel.  The  second  term  expresses  the 
of  a wake  strip.  The  panel  arrangement  for  an  arbitrary  3d-wlng  at  incidence  is  shown  in 


In  contrast  to  the  source  strengths,  which  vary  from  panel  to  panel,  the  doublet  strength  of  a wing 
section  n (Fig.  7)  is  a prescribed  linearly  varying  function,  which  is  represented  by  a step  function  of 
yet  unknown  reference  strength.  The  doublet  distribution  in  the  spanwise  direction  is  also  represented 
by  a step  function.  The  unknown  doublet  strengths  of  each  spanwise  section  are  calculated  by  applying 
the  Kutta  condition  at  the  wings  trailing  edge. 

It  is  shown  in  detail  in  [10]  that  the  Kutta  condition  can  also  be  handled  separately  for  the  steady  and 
the  unsteady  part  of  the  problem: 

Now  two  different  conditions  have  to  be  fulfilled: 

1.  No  static  pressure  jump 

2.  No  unsteady  pressure  jump 

at  the  trailing  edge.  Both  conditions  are  applied  at  the  two  panel  midpoints  on  the  wing  upper  and  lower 
surfaces  adjacent  to  the  trailing  edge. 

The  overall  calculation  process  for  a finite  thick  wing  in  unsteady  motion  is  now  similar  to  the 
steady  case  described  in  (9): 
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The  influences  of  the  doublet  sheets  of  each  wing  section  are  added  to  the  right-hand  side  of  the  integral 
equation  (Eq.  (20)),  assuming  unit  doublet  strength.  This  must  be  done  separately  for  the  steady  and  the 
unsteady  case,  due  to  the  fact  that  the  unsteady  wake  integral,  similar  to  Eq.  (10),  is  quite  different 
compared  to  the  steady  wake  integral  with  constant  A4w  This  leads  to  an  integral  equation  with  2N-t2 
right  hand  sides,  if  N is  the  number  of  wing  sections  (Fig.  7). 

This  formulation  of  the  integral  equation  has  the  advantage  that  the  aerodynamic  influence  functions 
on  the  left  hand  side  of  Eq.  (20)  - the  induced  normal  velocities  of  source  panels  - are  unchanged  for 
both  steady  and  unsteady  calculations.  After  the  linear  systems  of  equations  have  been  solved  for  the 
2N  + 2 source  strength  vectors,  the  Kutta  condition  for  the  steady  and  the  unsteady  part  of  the  problem 
can  be  applied.  This  leads  in  the  steady  case  to  a quadratic,  and  in  the  tmsteady  case  to  a linear  system 
of  equations,  resulting  in  2N  + 2 stea^  and  unsteady  doublet  strengths,  respectively.  With  all  source 
and  doublet  strengths  known,  the  steady  and  unsteady  pressure  coefficients  can  be  determined  using 
Eq.  (21).  It  should  be  emphasized  at  this  point  that  the  steady  and  unsteady  velocity  components  forming 
the  resulting  velocity  vector  -m  in  Eq.  (21)  are  joined  together.  The  unsteady  pressures  can  only  be  cal- 
culated after  the  steady  velocity  veciors  are  known. 

Results  of  this  method  are  given  in  Figs.  8 and  9 for  a rectangular  wing  of  aspect  ratio  A = 4 with 
a NACA  0012  profile.  The  wing  oscillates  in  pitching  mode  about  the  midchord  axis  (perpendicular  to 
the  x-z -plane.  Fig.  7).  Fig.  8 shows  real  and  imaginary  parts  in  two  spanwise  sections  for  symmetric 
flow  (a  = 0®) , and  Fig.  9 gives  the  corresponding  results  for  the  wing  at  o = 3°  incidence.  The  reduced 
frequency  is  in  both  cases  u*  = 0,  418  . In  the  symmetric  case  (Fig.  8),  the  results  of  the  mean  surface 
theory  are  included.  Experimental  data  in  these  plots  are  described  in  (11).  The  results  show  good 
agreement  between  the  present  method  and  the  experimental  data,  except  for  the  incidence  case  (Fig.  9) 
in  the  tip  region  of  the  wing,  where  the  tip  vortex  influences  the  unsteady  pressure  distribution  mainly 
on  the  upper  surface.  The  steacty  pressure  distribution  shows  a similar  behavior  in  this  region.  The  ex- 
perimental results  have  been  obtained  with  a cut-off  tip.  The  results  for  a rounded  wing  tip  gave  smaller 
deviations  from  the  calculated  results. 


4.  CONCLUSIONS 

Numerical  methods  have  been  developed  to  calculate  unsteady  airloads  on  oscillating  three-dimen- 
sional configurations  using  the  velocity-potential  panel  concept.  The  surfaces  of  the  bodies  are  broken 
up  into  large  numbers  of  surface  panels,  each  with  a source  or  doublet  distribution  of  constant  strength. 
The  integral  equation  representing  the  surface  boundary  condition  is  reduced  to  a linear  system  of  equa- 
tions for  the  unknown  singularity  strengths.  Once  the  source  or  doublet  strengths  are  known,  the  pres- 
sures can  be  calculated  by  means  of  Bernoulli's  equation. 

The  velocity  potential  concept  has  been  applied  to  the  linearized  mean  surface  theory  calculating 
unsteady  pressures  on  3d-wing  surfaces  in  subsonic  flow.  One  or  more  control  surfaces  at  the  trailing 
edge  have  been  taken  into  account. 

The  method  has  been  extended  to  oscillating  bodies  in  incompressible  flow  using  a source-sink  dis- 
tribution on  the  real  surface.  Static,  first  and  second  harmonics  of  the  pressure  distributions  have  been 
calculated  for  this  case. 

For  a wing  with  finite  thickness,  both  a source  and  doublet  distribution  have  been  used.  The  first 
one  is  needed  to  represent  the  kinematic  boundary  condition  on  the  wing  surface,  and  the  second  one  to 
fulfill  the  Kutta  condition,  and  therefore  to  represent  the  circulation  around  the  wing.  Results  have  been 
given  for  a rectangular  wing  undergoing  pitching  oscillations  with  and  without  mean  incidence. 

The  comparison  of  the  numerical  results  with  experimental  data  show  good  agreement  in  most  cases. 
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SOME  BASIC  AND  NEVi  ASPECTS  ON  THE  DISTURBANCE  FIELDS  OF  UNSTEADY  SINGULARITIES  IN  UNIFORM  MOTION 

Arabindo  Das 

Institut  fOr  Aerodynamllc  der  DFVLR,  Braunschweig,  Genaany 


SUMMARY 

The  treatment  of  disturbance  propagation  from  unsteady  singularities  in  motion  is  a classical  problem, 
whose  formal  methods  of  solution  are  extensively  dealt  with  in  standard  literature. 

The  objective  of  this  paper  is  to  analyze  in  detail  the  influence  factors  arising  from  the  motion  of  the 
singularities  and  to  derive  generally  valid  expressions  for  these  effects.  In  order  to  achieve  the  gene- 
ralization, uniform  translatory  motion  of  the  singularity  and  of  the  field  point  relative  to  the  medium 
is  allowed,  both  having  arbitrary  velocities  and  path  orientations  in  space. 

In  the  linearized  theory  the  aerodynamic  and  aeroacoustlc  problems  can  be  dealt  with  by  means  of  a unified 
treatment.  The  derived  expressions  for  the  influence  factors  can  be  given  general  fotmis  tdilch  az<e  unlfozmily 
valid  for  subsonic  and  sig>ersonlc  velocities  of  the  singularities. 

The  unsteady  singularities  which  are  commonly  encountered  in  the  field  of  aerodynamics  and  aeroacoustlc  can 
be  represented  eis  sources,  dipoles  and  quadrvg>oles  - the  last  two  appearing  in  various  orientations.  The 
e;q>resslons  for  the  near-field  and  far-field  disturbances  of  the  various  moving  singularities  are  presented. 

The  resulting  changes  in  the  disturbance  fields  of  moving  singularities  compared  to  those  of  space-fixed 
singularities  in  an  unbounded  medium  at  rest  may  be  denoted  as  Mach  number  effect.  The  usual  global  notation 
of  this  effect  as  coiq>resslbillty  effect  is  neither  true  nor  applicable,  when  linearized  theory  of  distur- 
bance fields  is  considered. 

Finally  the  problem  of  disturbance  propagation  from  singularities  in  motion  is  treated  in  a moving  reference 
frame  by  applying  the  Lorentz  transformation  in  a nondimenslonal  form,  which  preserves  the  physical  quanti- 
ties defined  in  the  medium-fixed  system,  such  as  singularity  strength,  phase  relations,  etc.  The  signifi- 
cance of  the  Lorentz  transformation  is  elucidated  by  presenting  the  field  of  a moving  source  in  the  space- 
time  continuum.  The  solution  of  the  disturbance  potential  of  the  moving  source  can  be  obtained  very  easily 
for  different  Mach  numbers  from  a universal  diagram. 
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NOTATIONS 

Geometrical 


Har 


quantities 


P;  P i P 
• o*  V 


radial  distance  of  a field  point 
normal  to  the  path  of  a singularity 

reference  length 

location  of  field  point i singularity 
and  corresponding  emission  point 

radial  distance  in  a spherical  polar 
coordinate  system 

radial  distance  between  P and  Pg 

radial  distance  between  P and  P^ 

equiveQ.ent  distance  between  P and  P^ 
accounting  for  the  Influence  factor 
due  to  the  motion  of  the  singularity 

control  surface 

dimensionless  control  surface 

control  volume 

dimensionless  control  volume 

cartesian  coordinates 

dimensionless  cartesian  coordinates 

space-matching  parameter  for  P,  Pg 
and  Pv  used  in  the  delta  function 

angle  of  inclination  of  p and  Ty 
with  the  direction  of  motion  of 
the  singularity 

y angle  of  inclination  between  the 

P-Pg-Py-plane  and  the  vertical  plane 

Aerodynamic  and  aeroacoustic  quantities 


Fg  = Fg/l2 


Vg  = Vg/l3 
Xt  y,  Z 

h.  ( 


l?b» 


a. 

5 

E 

G;  G;  G 

i 

I 


k = 31  = 2- 

* a 


•Sc.  ISr.  Kz 
L 

M 

"•s  * Vg/a. 


sound  speed 

sound  speed  in  a stationary  medium 
static  pressure  coefficient 
doublet  strength 

energy  density  in  the  disturbance 
field 

disturbance  functions  in  the 
potential  equation 

static  enthalpy 

energy  Intensity  in  the  disturbance 
field 

volume  flow  of  a source 
wave  nuilMr 

external  disturbance  force  per  unit 
mass  of  volume  element 

coiif>onents  of  external  disturbance  in 
the  corresponding  directions 

rate  of  energy  flow  through  a closed 
control  surface 

quadrvqiola  strength 

Hach  number  of  the  moving  singularity 


Hach  number  conponent  of  a moving 
field  point  projected  on  the 
P-Pg-Py -plane 

static  pressure  in  the  disturbance 
field 


Pm  static  pressure  in  the  stationary 

medium 

Ap  = p - p^  pressure  perturbation 

q^  nominal  dynamic  pressure 

R gas  constant 

s = ^ = dimensionless  density-  and  pressure- 

perturbation 

5 source  strength 

t time 

tg  time  Instant  for  signals  reaching  a 

field  point 
r 

t^  = tjj — retarded  time  Instant  of  emission  of 

the  signal 

source  tensor  to  describe  a quadripole 
singularity  per  unit  mass  of  volume 
element 

perturbation  velocities 

particle  velocity  in  the  disturbance 
field 

Vg  translatory  motion  of  the  singularity 

Vj,  translatory  motion  of  the  field  point 

translatory  motion  of  the  medium 

V resultant  velocity  of  a volume  element 

of  the  medium  in  the  disturbance  field 

$ -^jlX  - Ma|]'  Hach-number  parameter 

6 
e 

•'  = =p'S 

K 

0 

X = 2wA 

y 

p 


‘ij 


U,  V,  w 
Vt> 


Ap  = P - Pm 
"v*  "r 


t = ta^l 

f 

9 = JP/PmI 

w 


0;  Z 

Subscripts 

o 


delta  function  to  match  P,  P and  P 

O V 

aberration  angle  between  r^  and  r^ 
ratio  of  specific  heats 

time-matching  parameter  for  P,  P^,  P^ 
wave  length 
Hach  angle 

local  density  of  the  medium  in  the 
disturbance  field 

density  perturbation 

influence  parameters 

frequency  parameter  at  a moving  field 
point  due  to  signals  from  a moving  source 

dimensionless  time 
perturbation  potential 
dimensionless  perturbation  potential 

circular  frequency  of  a harmonic 
disturbance  function 

reduced  frequency 
disturbance  function 


momentary  position  or  time  of  the 
singularity 

emission  point  (v  = 1 for  Ma„  < Ij 
V = I4  2 for  Ma.  > 1)  ** 
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1.  INTRODUCTION 

The  propagation  of  disturbances  from  space  fixed  sound  sources  in  an  unbounded  coinpresslble  nedlum  at 
rest  has  been  the  subject  of  investigation  since  the  times,  when  thermodynamic  laws  were  quite  unknown 
[l]  to  [3] . Still,  the  theoretical  derivation  of  the  sound  speed  which  corresponds  to  the  adiabatic 
process  of  disturbance  propagation  was  given  correctly  in  [3] , as  could  be  verified  later.  The  physical 
process  of  disturbance  propagation  from  space  fixed  singularities  in  an  unbounded  medium  at  rest  leads 
to  the  classical  wave  equation.  The  first  solution  of  the  wave  equation  in  two  dimensional  form  in 
connection  with  mechanical  oscillations  was  derived  in  [4] , while  the  problem  of  disturbance  propagation 
in  conpressible  medium  as  sperlcal  waves  was  first  solved  In  [s] . 

Some  elegant  methods  of  solution  of  the  wave  equation  in  connection  with  electromagnetic  waves  was  pre- 
sented in  [&] . For  harmonic  disturbances  the  solution  of  the  inhomogeneous  wave  equation  as  given  in  [?] 
is  very  useful.  Extensive  treatment  on  disturbance  propagation  from  space-fixed  singularities  in  a com- 
pressible medium  at  rest  is  given  in  standard  texts  on  acoustics  [s]  and  hydrodynamics  [9] . 

The  problem  of  disturbance  fields  from  moving  unsteady  singularities  was  treated  at  first  for  electro- 
magnetic waves  and  subsequently  for  sound  as  presented  in  the  contribution  [lo]  to  [12] . Some  basic 
treatment  of  the  classical  wave  equations  in  moving  reference  system  has  been  given  in  [l3]  to  [is] . 

A general  introduction  into  the  theory  of  the  wave  equation  can  be  found  in  [l6j . 

With  the  advancement  of  aerodynamics  to  motions  of  bodies  in  compressible  medium,  disturbance  fields 
originating  from  moving  singularities  had  to  ba  considered.  The  first  basic  attenpts  were  restricted  to 
the  very  special  case  of  time  independent  steady  singularities  in  motion,  with  the  disturbance  field 
accoiq>anylng  them  in  the  moving  reference  frame.  Basic  contributions  on  the  treatment  of  stationary 
disturbance  fields  for  subsonic  and  supersonic  velocities  of  the  singularities  were  first  made  in  the 
references  [l7]  to  [29] . They  were  then  followed  by  a very  large  number  of  contributions  known  in  the 
literature  as  cited  in  [29] . 

While  treatment  of  the  problem  of  unsteady  singularities  in  motion  had  been  taken  up  thereafter  indica- 
ting some  basic  contributions  and  further  developments  in  [30]  to  [36] , intensive  advancements  on  the 
theory  of  sound  fields  originating  from  moving  sources  proceeded  also  during  the  same  period  as  can  be 
seen  from  references  [37]  to  [47]  . 

The  treatment  of  sound  fields  in  aeroacoustics  often  has  to  overcome  a major  difficulty  due  to  the  fact, 
that  the  singularity  strengths  can  not  always  be  precisely  defined,  specially  when  it  arises  due  to  fluc- 
tuations in  mass  flow  or  forces  in  some  regions  of  the  medium  Itself.  Some  basic  theoretical  and  experi- 
mental work  on  this  topic  has  been  contributed  in  [48]  to  [SS]  leading  to  a better  understanding  of  the 
subject . 

The  significance  of  unsteady  aerodynamics  is  well  known  in  the  field  of  aircraft  design,  some  basic  works 
[573  to  [58]  being  cited  as  typical  illustrations. 

The  present  paper  deals  with  the  analysis  of  the  effect  of  motion  of  the  unsteady  singularities  on  the 
disturbance  propagation  - regarding  their  strengths,  phase  relations  and  frequencies.  These  effects  will 
be  expressed  as  Influence  factors  and  put  into  general  forms  which  are  valid  for  subsonic  and  supersonic 
motion  of  the  singularities.  A very  general  expression  for  the  Doppler  pcT2uneter  accounts  for  uniform 
translatory  motion  of  the  singularity  and  the  field  point,  having  arbitrary  velocities  and  path  orien- 
tations in  space.  By  applying  a modified  Lorentz  transformation,  the  disturbance  fields  of  moving  sources 
will  be  Illustrated  in  a space-time  continuum. 


2.  BASIC  EQUATIONS  AND  KINEMATICS  OF  THE  DISTURBANCE  FIELDS  ORIGINATING  FROM  UNSTEADY  SINGULARITIES  IN  MOTION 

The  fiindamental  equation  of  the  disturbance  field  of  a moving  singularity  in  an  unboianded  compressible  medium 
is  obtained  from  the  laws  of  conservation  of  mass,  momentum  and  energy.  If  friction  and  heat  conduction  is 
neglected,  then  the  field  of  small  disturbances  can  be  assumed  as  isentropic,  thus  enabling  the  introduc- 
tion of  a perturbation  potential  for  the  treatment  of  the  problem.  The  potential  field  can  be  described  in 
various  ways  depending  on  the  reference  system  for  the  coordinates  used,  i.e.  moving  or  fixed  with  respect 
to  the  medium  in  space. 


2.1  The  linearized  equation  of  the  perturbation  field 


The  exact  nonlinear  equation  of  the  perturbation  potential  due  to  a singularity  in  uniform  motion  in  an 
unbounded  medium  can  be  expressed  in  a moving  reference  system,  accoiiy>anylng  the  singularity,  in  the 
following  way: 

= 0(t)  4(x-V.t,  y,  z)  (2-1) 

a*  Dt* 

with  as  the  Laplace  operator;  as  the  substantial  derivative  in  space  and  Q(t)  as  the  disturbance 
function,  the  6-functlon  notation*'^ denoting  the  spatial  location  of  Q in  the  medium  at  time  t. 

The  speed  of  sound  a is  given  by  the  isentropic  relation 

a*  = a*  ^1  t ^ j (2-2) 

where  Ap  = p - p denotes  the  density  perturbation.  For  small  values  of  Ap  Eq.  (2-2)  can  be  approximated  as 


T 


64 


a2  [i  t U-1)^] 


(2-3) 


Using  now  two  distinct  steps,  i.e.  letting  the  negative  x-eucis  coincide  with  the  direction  of  motion  of 
the  singularity  relative  to  the  medium  emd  Introducing  the  assumption  of  small  perturbation,  enabling 
higher  order  terms  to  be  neglected,  Eq.  (2-1)  sln^llfles  to 


y2  jp 


- 7 [It  ^ ''sir] 


JP  = n(t)  6(x-Vgt,  y,  z) 


(2-4) 


The  Laplace  operator  can  be  expressed  In  the  corresponding  form  depending  on  the  coordinate  system  used. 
Eq.  (2-4)  written  out  fully  takes  the  following,  commonly  form  used 


(1  - Ma2)i(»^  ^ iPyy  + - i-  «*S  »xt  - T^t  = y* 


S 'xt  ^2  ’^tt 


(2-5) 


It  Is  often  advantageous  to  express  Eq.  (2-4)  or  Eq.  (2-5)  in  a space  fixed  coordinate  system  with  the 
medium  at  rest.  For  this  purpose  the  Galilean  transformation  Is  to  be  used,  namely 


X - Vgt;  y = yiz  = z;t  = t 


(2-6) 


This  transformation  being  Introduced  In  Eq.  (2-5),  the  potential  equation  of  the  disturbance  field  simpli- 
fies to  the  classical  wave  equation 


yZjp  - i_  jp  = n(t)  «(x,y,2) 
«2 


(2-7) 


Due  to  the  linearization  of  the  problem,  where  linear  dependence  between  the  potential  f and  the  pressure 
or  density  perturbation  3 exists,  the  wave  equation  Is  equally  applicable  to  the  perturbation  quantities, 
giving 


yZg  - — 5^^  = ^ (t)  6(x,y,2) 


(2-8) 

(2-9a) 

(2-9b) 


a2  a^ 

••  OB 

The  disturbance  function  {](t)  and  a*(t)  can  be  given  the  general  expression: 

Q(t)  = G(t)  + (y-GlCt)  + (y.9*G^^)(t) 

n*(t)  = g(t)  - {7*Kj)(t)  ♦ {y*v-T^^)(t) 

denoting  the  three  terms  G,  G and  in  their  respective  order  as  equivalent  source,  dipole  or  quadrupole 
singularities.  The  correspondence  between  fl  and  tl*  follows  at  once  from  the  relation  between  s and  9 in  the 
space  fixed  reference  system  with  the  mediun  at  rest,  as  is  derived  in  the  subsequent  section. 

2.2  Equations  for  the  density  and  pressure  perturbations  in  the  disturbance  field 

The  perturbation  quantities  in  the  disturbance  field  of  an  unsteady  singularity  in  motion  have  essentially 
nonstationary  character,  when  the  field  point  is  fixed  or  has  arbitrary  motion  in  the  medium.  If  the  field 
point  is  made  to  accompany  the  moving  reference  system,  then  the  disturbances  there  undergo  only  a time 
variation  corresponding  to  the  unsteady  singularity  - and.  In  case  of  a time  independent  steady  distur- 
bance, reduce  to  a stationary  perturbation  field. 

If  the  disturbance  field  In  the  medium  is  considered  to  be  at  rest,  then  the  perturbations  caused  by  the 
moving  singularity  reveal  two  distinct  contributions,  i.e.  a time  dependent  and  a convective  change  of 
the  disturbances. 

The  pressure  or  density  perturbation  in  the  disturbance  field  can  be  derived  from  the  general  Bernoulli 
equation: 


I?  t ^ t 


''I 


3t 


K-1 


K-1 


f(t) 


(2-10) 


The  Isentroplc  relations  between  pressure  or  density  perturbations  and  the  local  sound  of  speed  yields  the 
following  expression: 


2k 

K-1 


1 = (Si-) 
P.  P,  V a.  / 


- 1 


(2-11) 


Putting  this  relation  Into  Eq.  (2-10)  and  using  a moving  reference  system  the  pressure  or  density  pertur- 
bation in  the  field  takes  the  following  form: 


SS.  ^ SE-  . -L.  + V 


(2-12) 
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If  a medium  fixed  reference  system  is  considered  then  the  perturbation  equation  simplifies  to  the  following 
expression 


p.  Kp^  .2  L J 


The  square  term  in  the  bracket  of  Eq.  (2-12)  and  Eq.  (2-13)  is  usu2aiy  small  and  can  often  be  neglected.  If 
the  field  point  is  also  in  motion  without  creating  any  disturbance  in  the  medium,  then  evidently  it  lias  no 
Influence  on  the  potential  field  of  the  moving  singularity.  The  motion  of  the  field  point  causes  however  a 
chan^  in  the  time  sequence  of  the  signals  passing  through  it  and  thus  imposes  a change  in  the  frequency 
coiip<>red  to  that  at  emission  of  the  disturbance. 

2.3  The  kinematic  and  space-time  relations  for  the  disturbance  propagation  from  moving  singularities 


With  Vg  as  the  velocity  of  the  singularity  in  the  negative  x-direction  and  Ve  the  velocity  of  a field  point 
along  an  arbitrary  straight  path  in  space,  both  velocities  being  defined  relative  to  the  medium,  it  is  very 
simple  to  determine  the  kinematic  relation  at  a given  time  Instant  tg,  when  a disturbance  meets  the  field 
point.  The  disturbance  propagation  and  the  corresponding  kinematic  relations  for  subsonic  and  sig>ersonic 
velocity  of  the  singularity  is  depicted  in  Fig.  1. 

At  time  tg  with  Pg(xg,tg)  as  the  momentary  position  of  the  singularity  and  P(x,tg)  as  the  momentary  position 
of  the  field  point  with  disturbance  signals  meeting  it,  one  can  find  the  emission  point  Pv(Xui'*^v^  * 
retarded  time  t^  easily,  since  the  velocity  of  propagation  a^  of  the  spherical  waves  is  also  known. 

The  kinematic  relations  can  be  established  based  on  the  velocity  Vg  of  the  singularity  or  on  Vg,  the  velo- 
slty  of  the  field  point . It  is  preferable  to  choose  Vg  because  Vg  vanishes  when  determining  perturbation 
magnitudes  in  the  medium  itself.  Using  Fig.  2 the  following  relation  can  be  set  iq>: 

ai  (to*  t,.)^  = V|  (t  - t,.)^  + rj  + 2r  V (t  - t^)  cos*l>  (2-14) 


3^  a (t  - t ) - 2r  cos  iS^  a Ma^  (t  - t ) * rj  " ® (2-15) 

o»  ov  o o*sov  o 

with  V = 1 for  MSg  < 1 and  v = 1;  2 for  Mag  > 1, 

The  general  solution  of  this  quadratic  equation  yields  the  space-time  relations  of  the  disturbance  propaga- 
tion linking  Pg,  P and  P^: 


1-Ma|  . 


Ma_  cos  •&  + (-l)'’^^'\/l  - Maf  sin^ 


or,  with  Vg(t^-  t^)  = x^-  x^,  the  alternative  form 


(x  - X ) = — § — Ma  cos  + (-l)''*\/T'-~Ma|~nn^~^^ 

1 -nai  I ^ ° ^ ® °J 


is  obtained.  Further  relations  connecting  r , to  r , are  (see  Fig.  2) 

O O V V 

r^  (cos  - MSg)  = r^  cos 


r sin  1^ 

V V 


= r sin  ^ 
o o 


(1  - MSg  cosi^^)  = (-1)'’'^^  ^r^j  (1  - Ma|  sin*  (2-20) 

r (1  - Ma*)  = r | Ma.  cos  ^ + (-1)'**^  . (1  - Ma*  sin*t^)^n  (2-21) 

V s oLSo  soj 


s Ma.  sin 

S o 


with  V = 1 for  Mag  < 1 and  v = 1;  2 for  MSg  > 1. 


For  Mag  > 1 the  following  relation  connects  the  two  emission  tiroes  and  locations  corresponding  to  the  two 
signals,  which  meet  the  field  point  P(x,tg)  at  a time  instant  tg: 


*vl  " ^v2 


1 - Ma*  sin* 

s o 


a.  (Ma*  - 1) 


(2-24) 


2 Mag  - Ka|  sin* 


(Ma|  - 1) 


For  a space  fixed  point  P(x)  the  following  basic  invariant  expression  proves  to  be  an  Important  property 
In  the  nature  of  disturbance  propagation 


(x  - x^)*  + + x*  - a^(t  - t^)^  = 0 . 


(2-25) 


This  expression  also  forms  the  fundamental  equation  in  electromagnetic  wave  propagation  for  the  represen- 
tation of  the  solution  of  disturbance  fields  in  a space-time  continuum. 


3.  DERIVATION  OF  THE  INFLUENCE  FACTORS  IN  THE  DISTURBANCE  FIELDS  OF  SINGULARITIES  IN  MOTION 


The  kinematics  of  the  disturbance  propagation  from  moving  sources  leads  to  space-time  relations,  which 
connect  the  momentary  position  P^Cx^.t-)  of  the  singularity  with  the  location  Py(x^,t^)  from  where  the 
signal,  which  reaches  the  field  point  P(x,tQ)  at  a time  t^,  has  beer  emitted.  The  kinematic  relations  a 


basically  deflneo  throu^  three  main  parameters,  l.e.  the  Mach  number  Mag  of  the  singuleu'ity , the  instan- 


taneous relative  orientation  between  the  field  point  and  the  singularity,  denoted  by  r-  and 


If  the  geometric  position  of  an  elementary  singularity  Po(xo,to)  undergoes  a small  change  in  its  location, 
due  to  shifting  by  an  infinitesimal  interval'^  then  the  emission  point  of  its  signal  which  just  reaches 
the  field  point  P(x)  at  tima  to  also  undergoes  a shifting  but  by  a different  amount,  as  liiq>osed  by  the 
kinematic  relations. 


The  perturbation  intensity  at  a field  point  will  therefore  be  defined  by  the  effective  emission  volume  of 
the  singul^lty  and  further  by  the  effective  shift  of  the  elementeury  sources  at  the  emission  point  when 
higher  order  singularities  are  concerned.  Besides,  the  change  in  the  time  sequence  of  the  signals  while 
passing  through  the  field  point  will  bring  an  additional  effect,  the  so  called  Doppler  effect.  These 
physical  phenomena  will  be  elucidated  in  the  following  treatment  and  their  analytical  derivation  will 
lead  to  the  influence  factors  arising  from  the  motion  of  the  singularity.  In  connection  with  this  topic 
the  interpretations  given  in  [43]  nay  be  mentioned. 


3.1  The  effective  emission  volume  of  a source  in  motion 


If  an  elementary  three  dimensional  source  in  uniform  motion  is  considered  to  have  an  infinteslmal  length 
dXg,  then  the  corresponding  emission  element  dx^  from  which  the  signals  reach  a specified  field  point 
simultaneously  at  the  time  t^  can  be  obtained  from  the  Eq.  (2-17)  by  taking  its  partial  derivative  with 
respect  to  Xg,  yielding 


dx,. 


dx_ 


1 + 


1 - Hal 


^{Mag  =08  1^0  - 


r 


3x^ 


Ma_  sin  ♦ (-1) 
s o 


Ma^  sin  2'# 
S o 


27/1  - «a|  sin^  ij' 


(3-1) 


For  a medium  fixed  field  point  the  partial  derivatives  of  r^  und  can  be  replaced  by 


3r 


- — a cos  •&  ; 
3x  o 

o 


3 

o 


sin  ^ 


3x 


(3-2) 


Introducing  these  relations  into  Eq.  (3-1)  one  obtains  the  volume  parameter  o„  of  emission: 
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where 

r^  = (-1)'*^^  r (1-Ma  cos  ) (3-6a) 

V S V 

or 

r*^  = -/~7x  - + (1  - «a|)  (y2  + z^)  . (3-6b) 

The  physical  process  involved  is  depicted  in  Fig.  3.  where  the  signals  lying  on  the  wave  front  1-1  and 
originating  from  dxy  reach  the  field  point  P simultaneously  at  the  time  to,  thus  changing  the  signal  strength 
by  a factor  Oy. 


3.2  The  effective  shift  of  sources  at  the  emission  point  for  higher  order  singularities  in  motion 

When  using  higher  order  singularities  like  dipoles  and  quadrupoles  the  corresponding  sources  and  sinks  are 
displaced  about  the  momentary  central  position  Pot*o»fo^  moving  singularity.  The  kinematic  relation 

in  Eq.  (2-17)  imposes  an  effective  shifting  of  their  positions  at  the  location  of  the  emission  point 
Py(x^,t^),  such  that  the  signals  meet  the  field  point  simultaneously  at  the  time  instant  t^. 

For  a dipole,  the  moving  singularity  may  have  two  basic  orientations  depending  on  the  displacement  of  the 
source  and  sink  along  or  normal  to  the  x-axis.  For  a quadrupole,  the  arrangement  of  the  sources  and  sinks 
may  be  achieved  in  three  different  orientations,  i.e.  placing  the  two  source  - sink  pairs  both  aligned 
along  or  normal  to  x and  in  a squire  arrangement. 

The  fundamental  effect  of  such  shifting  of  singularities  at  Po(Xo,to)  on  the  relative  displacements  at  the 
emission  point  can  well  be  studied  by  giving  the  source  elements  at  Pq  elementary  displacements  dx^  along 
the  x-axis  or  dhjj  normal  to  it.  The  following  kinematic  relations,  already  illustrated  in  Fig,.  2,  can  be 
used; 


Md  r 

= »s,  - X 

cosif-^ 

II 

1 

X 

r^  sin-r^y 

= h - ho 

hy  - hg 

= 0 

The  effect  of  local  shifting  of  a singularity  at  Pq  on  the  changes  at  the  emission  point  can  be  derived 
from  Eq.  (3-7)  and  is  illustrated  in  Figs.  4a  and  4b. 

For  source  shifted  ctlong  x: 


dr 


cos 


1 - Ma-  cos  ■& 
b V 


dr?' 

''  ^ 
V dx 


sin'll 


1 - MSg  cos 


dx 

V 

dx 


1 - (teg  008  1?^ 


For  source  shifted  normal  to  x; 

dh. 


sin  i9' 


1 - Ma_  cos 

b V 


'’v  dh. 


cos  - Mag 
1 - Mag  cosr^ 


dh 


Ma_  sin  if- 

S V 

1 - Mag  cosi?^ 


dh. 


V . 


= 1 


(3-8) 


(3-9) 


As  illustrated  in  Fig.  4 it  is  evident  that  the  relative  displacements  of  the  corresponding  sources  at  the 
location  of  emission  differ  from  the  original  shifting  by  a factor,  depending  on  the  Mach  number  of  the 
moving  singularity  and  the  orientation  between  the  field  point  and  the  emission  point.  The  same  rela- 
tion can  be  obtained  for  supersonic  Mach  number  of  the  singularity.  Thia  influence  factor  dua  to  a change 
in  the  effective  shift  will  be  denoted  as  Oj^,  with 


Oo  = (“D 


v+1 


1 - MSg  cos  1?^ 


with  V = 1 for  Mag  < 1 and  v = 1-,  2 for  Mag  > 1. 


(3-10) 


3.3  The  Doppler  effect  in  the  disturbance  field  of  moving  slng^'**^iti6s 

The  Doppler  effect  at  a field  point  depends  on  the  time  sequence  with  which  the  perturbation  signals  pass 
through  the  field  point  as  coiq>ared  to  the  time  sequence  with  which  they  are  emitted.  In  general,  the 
time  sequence  of  the  signals  at  the  field  point  will  be  determined  by  the  motions  of  the  singularity  and 
of  the  field  point  relative  to  the  medium  and  by  the  orientation  of  the  paths  of  their  motions  in  space 
defined  by  iJjj  and  as  measured  from  the  radied.  line  joining  the  momentary  positions  of  both  at 
time  to* 

For  determining  the  density  or  pressure  perturbation  in  the  medium  in, which  case  the  time  sequence  of  the 
change  of  perturbation  potential  at  a medium-fixed  elementary  volume  is  involved,  the  corresponding  field 
point  will  be  taken  as  stationary  relative  to  the  medium.  However,  for  the  signal  frequency  at  a moving 
field  point,  its  motion  is  to  be  accounted  for  in  the  Doppler  effect. 


The  relation  between  the  time  sequence  of  signals  passing  through  a field  point  and  of  those  emitted  at 
the  corresponding  emission  point  can  be  derived  from  Eq.  (2-16)  and  is,  in  general,  valid  both  for  a 
moving  and  for  a fixed  field  point.  The  time  derivation  yields  the  following  expression; 


dt  3r  /9t  r 

‘‘^o  1 - MaS  L ^ ° * S o J 


1 - Ha? 


Ma_  slni>  t (-1) 
b O 


v+1 


2 yT  - Ma|  sin*  ^ ' 


with  V = 1 for  (tag  < 1 and  v = 1;  2 for  Ma^  > 1. 

The  time  derivations  of  rQ  and  can  be  given  the  general  expressions; 


3r 


3t“  ■ ' ’^o  ^ ^o^ 


(3-11) 


3^ 

o 


I’d  = (Mag  sin  i9‘^  + MOj,  sin  iJ^) 


(3-12) 


where  Ma£  represents  the  component  of  Haj;,  i.e.  the  field  point  Mach  number  relative  to  the  medium  in  the 
^o  denotes  the  angle  between  Baj.  and  r^,  in  the  same  plane. 

For  Mag  = 0,  Eq.  (3-11)  reduces  to 


dt, 


°Ha^=0 


1 - Mat 


1 + (-1) 


vtl 


Ma  cos 
a o 


yi  - Ma|  si 


S 


(3-13) 


Using  the  relations  given  in  Eq.  (2-20)  and  Eq.  (2-21)  the  Doppler  factor  simplifies  to 


Oj,  = (-1) 


v+1 


(1  - Ma^  cos  ) 
o V 


(3-14) 


For  a field  point  moving  with  Mag  ♦ 0,  the  expression  for  the  Doppler -frequency  effect  takes  the  form 


- 1 Mag  Mag  co8(a»o  t t»o)  ( Mag  cos  iJJj  + Ma^  cos  sJ'q  ) 

F ■ itT  ■ 1 ~ * ^ ~ * — ;■ 

(1  - Ma| ) "yl-Malsin*^^ 


1-Ma| 


1 - Ma2 


(-DV+I  "»i  iS:  »^nt>o  8in(i»o  t #^o) 
(1  ~ Ma|)-^1  - Ma|  sin^t^^ 


(3-15) 


In  view  of  the  kinematic  relations  connecting  r„,  to  r^  and  as  given  in  Eq.  (2-18)  to  Eq.  (2-21) 
an  alternative  form  for  Og  in  terms  of  r^  and  can  be  obtained; 
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Ma„ 


"»E 


1 - Mai 


Mag  (cos  - Mag)  - Ha^  { 


cos  - MSg  C08(  + 


(1 


Ma|)  (1  - Hag  cos 


Ma|  ftag  siniJ^  sin( 

(1  - Ha|)  (1  - Mag  cos  1^) 

with  V = 1 for  Mag  < 1 and  v = 1;  2 for  Mag  > 1. 


(3-16) 


It  can  be  easily  verified  that  for  Ha£  = 0 the  two  Doppler  factors  On  and  op  are  equal.  Eq.  (3-15)  and 
Eq.  (3-16)  are  valid  for  uniform  translatory  motions  of  the  singularity  and  of  the  field  point  relative 
to  the  medium  both  having  arbitrary  path  orientations  in  space.  All  knovm  special  cases  regetrdlng  the 
motion  of  the  field  point,  which  are  often  dealt  with  in  standard  texts,  can  be  obtained  from  this  general 
expression.  Some  typical  cases  illustrating  the  physical  phenomenon  which  causes  a change  of  the  time 
sequence  of  the  signals  at  a field  point  are  shown  in  Fig.  5a  and  Fig.  5b. 


An  infiortant  feature  of  the  kinematics  of  the  disturbance  field  of  moving  singularities  is  illustrated  in 
Fit6.  It  shows,  that  on  a ray  from  the  instanteneous  position  of  the  singularity  all  disturbance  waves 
meeting  the  ray  at  the  time  Instant  t^  are  emitted  under  the  same  angle  and  that  the  Influence  factors 
a given  by  the  ratio  r^/r^  have  the  same  values  on  each  single  ray. 


I*.  THE  GENERAL  SOLUTIONS  OF  THE  LINEARIZED  EQUATIONS  FOR  THE  DISTURBANCE  FIELDS  OF  UNSTEADY  SINGULARITIES 

In  order  to  obtain  generally  valid  solutions  of  the  problem,  it  is  preferable  to  express  all  the  quantities 
in  dimensionless  form.  Based  on  a characteristic  length  1 and  on  the  sound  velocity  a considered  as 
constzuit,  the  following  nondimensional  quantities  can  be  defined 


C 


X 

T * 


T = 


ta 

m 

1~ 


f f /a_i  i n = n • ^ i Q*  = n i- 

af 


(4-1) 


^o‘  ■'v  ^ T 


V 

1 


Thus,  the  operator  for  the  substantial  derivative  becomes 


and  the  linearized  equation  of  the  perturbation  potential  is  expressed  as 


(4-2) 


72^ 


£2. 

Dt* 


n(T)  «({-MagT,  n,  c) 


(4-3) 


- 9„  - 2 Mag  jp.  - Ma|  f 


5 j- "“s  ^ " n(T)  4(t-MagT,  n,  c) 


(4-4) 


with  Q(t)  as  the  disturbance  function. 


4.1  The  solution  of  the  classical  wave  equation  including  the  kinematic  relations  nf  dletinr'hiinoe  fUiHe 
as  auxiliary  condition 

The  linearized  potential  equation  of  the  disturbance  field  of  moving  singularities  in  the  moving  reference 
system  can  be  converted  to  the  classical  wave  equation  in  a fixed  reference  system  by  applying  a Galilean 
transformation  as  already  described  in  section  2. 

If  at  a time  Instant  t = 0 both  the  systems  coincide,  then  the  following  relations  are  valid: 

C = C - Magt  i T\  = nj  C = Ci  t = t.  (4-5) 

Nlth  these  conventions  Eq.  (4-3)  and  Eq.  (4-4)  simplify  to 

V*?  - = n(t)  «(i,n,c) 


(4-6) 
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In  the  linear  theory  the  wave  equation  is  equally  valid  when  if  is  replaced  by  the  perturbation  quantity  s 
denoting  the  density  or  pressure  variations  in  the  disturbance  field  as  given  in  Eq.  (2-13).  This  leads  to 

V^g  - s„  = n*(t)  (4-7) 


as  -w  ao 

= -£Z.  and  a = ^ 


The  solution  of  the  inhomogeneous  wave  equation  with  an  harmonic  disturbance  function  is  given  in  [?]  to  [9] . 
For  arbitrary  disturbance  function  Q( T ) the  given  method  of  solution  can  be  generalized  by  making  use  of 
Fourier  Integrals. 

The  solution  of  Eq.  (4-6)  can  be  obtained  by  applying  Green's  theorem  and  as  given  in  [?]  has  the  general 
form: 


y(P)  = 


-^dV 

P.  ° 


With  as  the  field  point  and  P^(Cv>?v)  emission  point.  The  disturbance  function  a(Ty)  exists 

only  in  an  elementary  volume  in  the  medium,  representing  the  singularity. 

The  basic  solution  of  the  homogeneous  wave  equation  with  n(T^)  = 0 in  Eq.  (4-6)  is  presented  in  [6]  and 
has  the  form: 


i-  ^ + 5 1_  C 

'**  ? 35  3n  ' r ' 


A _ • .A 

a n,  3n  3t 

• V \) 


Eq.  (4-9)  represents  a trivial  solution  of  the  problem,  although  it  gives  a correct  picture  of  the  wave 
propagation  with  continuous  shift  of  the  emission  points  with  time.  This  contrast  in  the  solution  cong>ared 
to  that  of  a space  fixed  singularity  is  brought  about  by  the  Galilean  transformation,  as  Illustrated  in 
Fig.  7.  However  Eq.  (4-9)  falls  to  give  the  correct  strength  of  the  pertui4>atlon  signals  at  the  field  point. 
This  is  due  to  the  fact  that  in  the  formal  solution  given  in  Eq.  (4-9)  the  kinematic  relations  of  the  per- 
turbation fields  leading  to  the  Influence  factors  is  not  considered. 

For  determining  the  perturbation  potential  it  is  necessary  to  Introduce  the  kinematic  relations  into 
Eq.  (4-9)  with  the  help  of  a Delta-function  localizing  the  correct  emission  point  and  accounting  for  the 
influence  factors  Oy  and  thus  yielding  the  corresponding  changes  in  the  perturbation  signal  strength 
due  to  the  motion  of  the  singularity. 

For  this  purpose  the  shiftily  property  of  the  Delta-function  can  be  used  by  introducing  an  auxiliary 
variable  e^,  whereby  the  following  condition  is  imposed; 


= 0 for  ?'  = t 

V V 


yielding 


“*0  = [«"- 


(tag  f - Co  = I'o  - 5o  = dfj, 


Application  of  the  Delta-function  leads  to  the  following  solution  for  the  perturbation  potential 


«o  <*'0 


r - «o>  ««o>  d? 


oJe  *0 
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dC  (4-13) 
o 


- L.  V 

■ 4»  z.  ~r“ 
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With  S as  source  density,  iV  as  an  elementary  volume  containing  the  disturbance  source  and  C yielding  t 
from  Eq.  (4-11)  with  = 0,  one  obtains  for  the  source  strength  the  following  relation:  '* 


= 4sS(t^) 


(4-15) 


Thus,  the  solution  for  the  perturbation  potential  of  a source  In  uniform  motion  becomes: 


t-  S(?^)  ^ S(T  ) 

!P(P)  ^ - Tr— 


(4-16) 


r,. 


with  pj*  = (-1)'''*'^  • f (1  - Ha„  cos'iP  )j  V = 1 for  Ma.  < 1 and  v = Ij  2 for  Ma_  > 1. 


The  pressure  or  density  perturbation  In  the  disturbance  field  of  moving  singularities  Is  e:q>re8sed  In  the 
space  fixed  reference  system  of  stationary  medium  as 


(4-17) 


According  to  Eq.  (4-16)  the  perturbation  potential  JP  (P)  Is  dependent  on  the  retarded  time  at  the 
emission  point  whereas  the  density  or  pressure  perturbation  at  the  field  point  is  determined  by  the  tiii» 
sequence  Tq  for  the  change  in  potential.  Both  time  sequences  however  are,  connected  by  the  kinematic 
relatioiu,  which  can  again  be  accounted  for  by  introducing  a Delta  function  with  a new  variable  such 
that. 


f 

o o 


,1  _ 


yielding 


, , so  for  T*  s T 

V v|  . V V 
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5 T-  - T*  = dT 
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dr. 


K 0 

o 


1 - Mag  cosif-^ 


Hence,  the  density  or  pressure  perturbation  may  be  expressed  in  the  following  form,  where  the  Delta  function 
fulfills  the  kinematic  relations  imposed  by  Eq.  (4-18)  and  Eq.  (4-19). 


a = :Sfi.  = ^ = 1_ 

P_  KP_  3t„ 


dK 


(4-20) 


K -*0 
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The  formal  partial  derivation  of  Eq.  (4-20)  with  respect  to  Tq,  considering  that  the  time  derivative  of 


4(P  ) has  the  significance  of  a convective  change  with  t given  by 


ii?®o)  = Ma 


S 


(4-21) 


o 'o 

the  perturbation  quantity  i takas  the  form 


3t 


s ae 


(4-22) 


o ’’o 

Introducing  the  expression  for  the  perturbation  potential  from  Eq.  (4-16)  one  gats 


--  . 


»r. 
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♦ "“s  w ihr) 


(4-23) 
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Thus,  the  density  or  pressure  perturbation  due  to  a moving  unsteady  source  is 

» • I 


s'(,,) 


S(t^)  Mag  (cost^  - Mag) 


r^  (1  - Mag  cos 


r^  (1  - Ma  cos 


(4-24) 


The  first  term  is  the  dominant  one  in  the  far -field  while  the  second  term  is  significant  in  the  near-field. 


4.2  Application  of  the  Lorentz-transformation  to  solve  the  wave  equation  in  a moving  reference  system 

In  order  to  treat  the  disturbance  propagation  from  a singularity  placed  in  a moving  reference  system,  it 
is  very  useful  to  apply  the  Lorentz-transformation  because  it  possesses  four  remar)cable  properties: 

The  equation  of  the  perturbation  potential  retains  the  form  of  the 
classical  wave  equation. 

The  kinematics  of  the  disturbance  field  of  a moving  source  is 
continually  fulfilled. 

The  existance  of  a basic  Invariant  of  the  form  (C-6^)*  + - (t-t^)^  = 0 

in  the  disturbance  field  allows  the  results  to  be  depicted  in  a 
space-time  continuum. 

The  time  sequences  of  the  signals  passing  through  a field  point  in  another 
reference  system  can  be  easily  derived. 

In  order  to  differentiate  the  quantities  in  various  reference  systems  the  following  syndsols  are  Introduced 

X,  y,  t - coordinates  In  Lorentz-space 

X,  y,  z,  t - coordinates  In  a moving  system  In  physical  space 

X,  y,  z,  t - coordinates  In  a fixed  reference  system  in  physical  space 

With  all  three  systems  coinciding  at  the  time  t = t = t = 0 the  following  relations  between  the  three 
coordinate  system  can  be  established 


X t 

X S 

X 

y = y = yj  z = z = z 

VT 

Vl-Ha|'  ’ 

a*? 

^ «• 

4 Vg« 

a^t  + Vg(5  - 

liL 

fl  - Ma|- 

a^l  - 

Introducing  now  dimensionless  ouyitltles  based  on  the  characteristic  lengths  1 and  I In  the  two  moving 
reference  systems,  where  I = 1/ if  1 - Ma| ,'  one  has 


ti 


h 

I 


I 
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The  Lorentz-transformation  In  Eq.  (4-25),  rewritten  in  dimensionless  form,  reduces  to  (see  Fig.  6) 


5 = e = 5 + Magt 
n = n V 1 - Ma|‘  = 

Z = C V 1 - Ma|‘  = Hi  - Ma|’ 

7 = (1  - Ma|)  TtMSgE  = t+Magi. 


i 

(4-27)  i 
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Th*  klneaatlc  relations  can  then  be  expressed  as 


\ = ’o  - 'v  = ■ "*S>  ♦ "“S  « 


r cos'll  = r (cos  - Ma.) 

V V V V S 


'v  = <1  - 


(4-28) 


K 


1 - Mag  cos 


The  physical  quantities  Involved  In  the  disturbance  function  possess  the  following  relations 

Q = 4wa  l^S  = 4wa  Ps 


" dt^  = u dt^ 


1 - Ma2 


dt  = dt  (1  - MaJ) 
V V S 


(4-29) 


2 = 5;  = dVjjd  - Ma|)  ; S = S(1  - Ma|) 

9 = p (1  - Ha|) 

Applying  the  corresponding  Lorentz-transformatlon  to  the  basic  aquation  of  the  disturbance  field  In  moving 
reference  system  as  given  In  Eq.  (4-4)  or  to  the  classical  wave  equation  In  space  fixed  reference  system  as 
given  In  Eq.  (4-6)  one  gets  the  following  exact  relation 

fn  * ^nn  * (4-30) 

The  solution  of  this  classlc^U.  wave  equation  Is  well  known  and  It  yields  for  the  perturbation  potential 

>»(P)  = Y_  (4-31) 


with  V = 1 for  Ha  < 1 and  v = 1;  2 for  Ma  > 1. 

s s 

In  this  solution  the  kinematic  relations  ef  the  disturbance  propagation  fttxn  moving  source  Is  already 
Included,  since  = r^denotlng  the  effective  radial  distance  between  emission  point  and  field  point.  The 
solution  in  the  physical  space  follows  at  once: 

y(P)  - t-  , ,^v+l 


JP(P)  = 


1 - Ma| 


= ^ (-1) 


s(\) 


r^(l  - Mag  cos  1^) 


(4-32) 


For  stationary  disturbance  fields  with  source  strength  S = const,  and  the  field  point  accospanying  the 
moving  coordinate  system,  Eq.  (4-32)  reduced  to  the  wellknown  solution  of  the  pertuztetlon  potential 


jJ(P)  =35  for  Ma  < 1 , 


r 

- 2S 


(4-33) 


fiP)  = ^ for  Ma  > 1 , 


1 1/2 


where  r*=  j({  - C^)*  ♦ (1  - Ma|)  (n*  + ^ 

The  density  or  pressure  perturbation  can  be  easily  deduced  now  to  be 


1 - MSg  cos 


g = ^ = !l!s  if  ^ ii.  , M,  if  ♦ It 


a*  »K 


(4-34) 


After  carrying  out  the  partial  differentiation  and  using  the  kinematic  relations  one  gets  for  the  harmonic 
dlatui^anee  function: 
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with  cos 
space,  yielding 


= I 


**'  T 

S e S V 
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V (1  - Ma^) 


[5^ 


iwg  ( 1 - Mdg  cos 


V' 


(4-35) 


as  depicted  in  Fig.  9.  Eq.  (4-35)  can  be  rewritten  in  terns  of  coordinates  in  physical 


MSg  (COSlf"^  - MSg) 

XiA 

t s 

■ 

s = 2_ 

V 

(-1)'”^  S e 
o 

rj(l  - HSg  costj"^)* 

?^(l  - MSg 

COS  1^)2 

(4-36) 


with  w = 1 for  MSg  < 1 and  v = 1;  2 for  Mag  > 1. 

In  order  to  determine  the  frequency  at  the  field  point,  fixed  or  moving,  the  following  general  relation  may 
be  used: 


“e  <*^0  = “S 


= <If 

S V 


(4-37) 


giving 


“e  ■ “s  d?" 
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(1  - Ma|)  3? 

S o 


(1 


( Ma_  f cos  ^ 
\ S o o 


- Ma|  sin^ 


(4-38) 


The  factor  of  Ug  in  Eq.  (4-38)  is  identical  to  the  expression  obtained  from  the  kinematic  relations  in 
Eq-  (3-11)  and  hence  to  Eq.  (3-15).  Thus,  Eq.  (4-38)  reduces  to  the  simple  e:q>ression 


Uj.  = »g  Oj.  (4-39) 

with  Of  representing  the  Doppler  effect  given  in  Eq.  (3-15)  or  Eq.  (3-16). 

Thus,  the  application  of  Lorentz-transformation  presents  all  the  results  given  in  chapter  4.1  with  only 
very  few  steps  needed. 

The  disturbance  fields  of  a source  with  subsonicvelocities  are  depicted  in  the  space-time  continuum  in 
Fig.  10a  and  Fig.  10b  giving  directly  the  r^  or  revalues  of  spherical  waves  meeting  the  field  point.  In 
FI^.  10b  for  Mag  > 1 it  illustrates  the  meeting  of  two  waves  at  a field  point  with  their  corresponding 
influence  factors  contained  in 


*♦•3  The  variation  of  perturbations  at  a space  fixed  field  point  with  time  due  to  a disturbing  source  in 
uniform  motion  


Based  on  the  fact  that  for  a uniform  motion  of  the  disturbing  source  the  velocity  Vg  is  constant,  and  that 
in  the  linearized  theory  the  velocity  of  sound  a«  in  the  disturbance  field  is  assund  constant,  it  is 
possible  to  express  all  the  kinematic  relations  in  terms  of  time . For  this  purpose  the  vertical  distanoe  h 
of  the  field  point  from  the  x-axis  may  be  replaced  by  an  hypothetical  time  factor  th,  which  is  a constant. 
Setting  T = 0 at  the  time  instant  when  the  moving  sotirce  is  at  Eq  “ various  distances  between 

Pq,  P and  Py  in  the  field  may  be  expressed  as: 


Magtg  ; h = Magt^  i = Tg  - (4-40) 


with  Tg  as  the  time  instant  for  the  location  of  the  singularity,  when  the  emitted  slpal  at  a retarded 
time  Ty  just  reaches  the  field  point.  The  kinematic  relations  for  the  disturbance  field  may  then  be 
written  as: 

(tg  - 1^)2  = Ma|T2  + Ma2t^2  (i»-41) 

yielding  for  the  value  of  the  e:q)resslon 


* ^7g  + (-1)'^^.  MSg^tl  + (4-42) 

with  B*  = (1  - Ma|). 

The  location  of  the  emission  point  is  given  by 


cos  ^ - 

4 t, 


V 

Ita.t 


S*v 


(4-43) 
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For  tha  perturbation  values  at  the  field  point  the  required  value  of  r^  is  given  by: 


r 


V 


♦ 


(4-44) 


with  V = 1 for  Itog  < 1 and  v = 1;  2 for  Mag  > 1. 

Hhilo  at  subsonic  notion  of  the  source  the  pertuzi>atlons  are  felt  at  the  field  point  at  all  tine  instants 
with  < Tg  <+•%  at  supersonic  velocity  of  the  source  the  perturbations  exists  only  for  ts  > (Ha|  - Dt),. 
The  variation  of  the  perturbation  and  of  the  Influence  factors  with  time  at  a space  fixed  field 
point  is  exhibited  in  Fig.  11  and  Fig.  12.  The  variation  of  ^ , Bp  and  Op  at  the  field  point  as  a function 
of  time  reveals  the  characteristic  features  of  dlsturbemce  fields  from  singularities  moving  with  subsonic 
and  supersonic  velocities. 


5.  THi:  HEAR-FIELD  ANC  FAR~F1ELD  SOLUTIONS  FOR  THE  DISTURBANCE  FIELDS  OF  SINGULARITIES  IN  MOTION 

The  disturbance  fields  of  singularities  In  uniform  motion  in  an  unbounded  medium  can  be  described  by  the 
classical  wave  equation,  either  by  using  a fixed  reference  system  or  by  applying  a Lorentz-transfonntlon 
In  a moving  reference  system.  The  methods  of  solution  of  the  cliisslcal  wave  equation  for  singularities  In 
motion  are  treated  and  discussed  in  detail  in  section  4.  The  nature  of  the  dlsturt>lng  source  is  defined  by 
the  disturbance  function  QCt^),  the  first  term  representing  a source,  the  second  a dipole,  and  the  third 
a quadrupole  type  singularity. 


5.1  Disturbance  field  of  an  unsteady  harmonic  source  in  uniform  motion 

The  perturbation  potential  of  a moving  unsteady  source  as  derived  In  section  4 has  the  solution: 


!P(P)  = ^ (- 


1) 


— T 

S e S V 
v+1 .0 


r^d  - Mag  cos  rf-^) 


The  density  or  pressure  perturbation  at  a field  point  is  given  by 


(5-1) 


5 = M = = y (-1) 
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S e-^^ 
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Mag  (cos^  - Mag) 

rj(l  - Mag  cos  r>^)* 


?^(1  - Mag  COG  t>^)2 


(5-2) 


with  V = 1 for  MCg  < l and  v = 1;  2 for  Mag  > 1. 

While  the  first  term  is  predominant  in  the  near-fleld,  the  second  term  mainly  defines  the  far-fleld 
disturbances.  The  near-field  and  far-fleld  pressure  perturbations  are  shown  In  Fig.  13. 

5.2  Disturbance  field  of  an  unsteady  harmonic  dipole  in  uniform  motion 

The  disturbing  source  originating  from  an  oscillating  force  Is  denoted  by  the  second  term  of  Q(Ty)  where 
the  axis  of  oscillation  may  have  an  arbitrary  orientation  with  respect  to  the  direction  of  isotlon.  Two  basic 
types  of  orientations  for  the  oscillation  may  be  defined,  l.e.  an  oscillation  axis  lying  along  x or  this 
axis  being  placed  normal  to  x. 

The  solution  for  the  perturbation  potential  of  harmonically  oscillating  forces  having  uniform  notion  is 
given  by  the  general  e:q>ression: 


(-1) 


vtl 


4V 


(V  • G„)e"^s''v  dE  dn^  dc 

O OOP 

?^(1  - Mag  cos  ) 


(5-3) 


with  G(t^)  = 


KXt  ) dT  , where  denotes  the  dimensionless  oscillating  force  per  mass 

V V 1^2 


of  the 


msdi'im  contained  in  the  volume  element  of  the  singularity. 

For  an  harmonically  oscillating  force  the  following  relations  are  valid: 


G(t^) 


A-  R , e- Vv 
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(5-4) 
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The  perturbation  potential  of  oscillating  forces  in  notion  with  ths  two  basic  orientations  of  the  force 
axis  stay  be  expressed  as 


and 


respectively,  where 


^ 4wng  ^o  [ r^(l  - Mag  cos  J 

(-1)^^  e~^“s\  1 

■ "“s 


Ki  «o  '^'’o  “'o 


= I 


IK 


4su, 


'o2  3 . 

r ■5^:1 
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(5-6) 


V 
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with  V = 1 for  Hag  < 1 and  V3  = 1;  2 for  Hag  > 1. 

The  bracketed  terms  in  Eq.  (5-5)  and  Eq.  (5-6)  denote  the  basic  solution  of  a moving  source,  and  hence  the 
perturbation  field  of  an  oscillating  force  is  equivalent  to  that  of  a dipole,  whose  solution  can  be  directly 
obtained  from  the  partial  derivative  of  the  source  solution,  with  the  equivalent  dipole  strength  given  by 


mrSg 


The  density  and  pressure  perturbation  can  be  obtained  from  the  Eq.  (4-17)  yielding  the  near-field  and 
far-field  terms, a graphical  display  of  which  is  shown  in  Fig.  14. 


5.3  Disturbance  fields  of  unsteady  harmonic  quadrupoles  in  uniform  motion 

Quadrupole-type  singularities  arise  when  a pair  of  oscillating  forces  is  used  or  is  activated  through 
shearing  motions  in  the  medium.  The  treatment  of  quadrupole  sources  in  aeroacoustics  was  first  presented 
in  [433.  The  disturbance  function  is  denoted  by  the  third  term  of  D(tv)  in  Eq.  (2-9).  The  solution  of  the 
perturbation  potential  in  the  disturbance  field  of  quadrupoles  may  be  obtained  from  the  same  general 
expression  which  is  applicable  to  sources  and  dipoles.  For  harmonic  fluctutation  of  the  quadr\g>ole 
singularities  one  has 


VP)  = Z 


(-1) 


v+l 


4s 


(V-V-G  . )e‘^Vvd£  dn^  dC 
01^  OOP 

r^(l  - HSg  cos  iS^) 


(5-9) 


where  T^^  = can  be  denoted  as  a shearing  stress  tensor  yielding  the  relation 

= - — T, , = - — T,,  • -i=- 

ij  5g  “S 


(5-10) 


Thus,  f,.  defines  a dimensionless  stress  tensor  based  on  the  mass  of  the  medium  contained  in  the  volume 
element  ^of  the  singularity  - its  Integral  over  the  elementeiry  volume  being  denoted  by  T*. 

The  solution  of  the  perturbation  potential  for  the  three  basic  orientations  of  the  quadriq>ole  axes  may  be 
expressed  as  follows: 
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The  bracketed  terms  denote  again  the  source  solution  from  which  the  quadrupol  solution  may  be  directly 
obtained  by  a double  differentiation.  The  equivalent  quadrupole  strength  becomes 


M 


o 


(5-14) 


The  density  and  pressure  perturbations  for  the  near-field  and  the  far-field  can  be  obtained  again  from 
Eq.  (4-17).  The  pressure  perturbation  for  the  type-2  quadrupole  are  illustrated  in  Fig.  15. 


6.  ENERGY  DENSITY  AND  ENERGY  FLOW  IN  THE  DISTURBANCE  FIELD  OF  MOVING  SINGULARITIES 

From  the  pressure  perturbations  and  particle  velocities  in  the  disturbance  field  one  can  easily  determine 
the  kinetic  and  potential  energy  content  in  an  elementary  volume  of  the  disturbance  field  as  well  as 
calculate  the  intensity  of  the  radiated  energy  propagated  with  the  disturbance  waves.  In  case  of  unsteady 
disturbance  fields  the  perturbation  energy  content  in  an  elementary  volume  of  the  medium  is  defined  by  the 
mean-square  values  of  the  disturbance  quantities,  while  the  perturbation  intensity  denotes  the  mean  rate 
of  flow  of  ener^  per  unit  area  due  to  the  disturbance  propagation.  To  gain  a basic  insight  into  this  topic, 
standard  texts  , [dJ  , and  some  detailed  analyses  in  [39]  and  [43]  are  referred  to . 

In  this  section  a short  derivation  of  the  energy  propagated  in  the  disturbance  field  will  be  given,  using 
control  surfaces  which  are  better  adapted  to  the  case  of  moving  singularities.  Considering  the  near-field 
and  far-field  terms  of  the  disturbance  field  originating  from  disturbing  sources  in  motion,  one  can  write 


Ap  = Apj,  t App  and  v|  = v^^  t v^^,  t 2Vg^Vgj,cosa^j, 


where  v denotes  the  disturbance  velocities  with  a being  the  angle  between  v and  v 
o NJt  bN  dj 

For  the  time  average  of  harmonic  functions  use  will  be  made  of  the  following  properties 


cosut  ■ sinut 


0 and  cos^ut 


sin^uit 
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Hence,  the  following  relations  hold 
(Ap)^  = 


SN 


sr 


(6-3) 


The  energy  fluxes  Ij.  and  I at  a field  point  in  the  fixed  and  moving  reference  systems,  respectively,  are 
interrelated  by  the* time  sequence  of  signals 


This  yields 


with 


equence  of  signals  passing  through  it,  as  shown  in  Fig.  5,  whence 


If  = Ij,  Op  and  gj.  = Ej,  Op 


(6-4a) 


(6-4b) 


Ojj  = (1  - Marcos  i>) 


-1 


6.1  Energy  density  and  energy  flow  due  to  the  f^tr-field  radiative  terms 

The  energy  density  due  to  the  far-field  terms  consisting  of  the  radiative  part  of  the  disturbance  quantities 
can  be  expressed  in  the  moving  reference  frame,  when  the  time  average  is  based  on  At,^  and  thus 


SF 


(Apj,)2 

(xp,)^ 


(6-5) 


In  the  far-field  the  following  relation  holds  for  the  radiative  component  of  the  disturbances,  v._  being 
identical  with  the  particle  velocity  v^j,  directed  radially  to  the  propagating  spherical  waves 


P.«.'*SF  = = *Pf 


(6-6) 


Hence,  Eq.  (6-5)  simplifies  to 


E_  = p a* 

F m 


rr 
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The  energy  intensity  defined  as  the  rate  of  energy  flow  through  a unit  surface  normal  to  v^j,  amounts  to 
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I-  = Ad  = pa 

F Pf  rF  - - 


(6-8a) 


giving  also  the  relation  I„  = a E„ 

£ * F 


(6-8b) 

Further  the  convecting  part  of  the  energy  flow  through  a unit  surface  normal  to  Vg  will  be  given  by 

Thus,  the  rate  of  energy  flow  through  a moving  control  surface,  in  general,  is  given  by  the  expression: 


(tp  - Ikf^  • - 


dE 


(6-10) 


The  mean  energy  density  in  the  control  volume  accompanying  the  moving  reference  system  being  constant,  the 
volume  integral  vanishes  and  Eq.  (6-10)  assumes  a simple  form  containing  the  known  values  from  Eq.  (6-8) 
and  Eq.  (6-9) . 

In  order  to  calculate  the  time  rate  of  total  energy  flow  in  the  radiative  field  it  is  natural  to  consider 
in  the  moving  reference  system  a spherical  control  surface  of  radius  r^,  which  coincides,  at  a time  t = tg, 
with  an  emitted  disturbance  wave,  as  shown  in  Fig . 16 . Being  in  the  moving  reference  system,  the  control 
surface  will  always  be  met  by  corresponding  disturbance  waves,  coincident  with  it,  but  undergoing  a time 
variation  of  their  strengths.  The  time  average  of  the  rate  of  total  energy  flow  through  the  spherical 
control  surface  will  then  give  the  mean  radiative  power  output  of  the  disturbing  source. 

The  rate  of  energy  flow  through  the  moving  spherical  surface  will  then  amount  to 
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With  the  value  of  App  from  Eq.  (5-2)  put  into  the  expressions  relating  Ep  and  Ip  as  given  in  Eq.  (6-7)  and 
Eq.  (6-8)  leads  to  the  following  value  for  the  mean  radiative  power  output  of  the  disturbing  source 


(1  - Ha2)2 


(6-12) 


with  1 as  a characteristic  reference  length,  being  constant  for  the  system  chosen  and  S denoting  the  strength 
of  the  disturbing  source.  Thus,  the  expression  in  Eq.  (6-12)  is  independent  of  the  control-surface  radius  and 
is  equally  valid  for  all  r^-values.  This  also  proves  the  pure  radiative  nature  of  the  far-field  disturbances, 
which  propagate  outward  without  undergoing  any  losses.  One  obtains  the  same  result  for  Lp  if  an  infinitely 
long  cylindrical  control-surface  of  radius  h about  the  x-axis  is  chosen  and  the  control  surface  is  made  to 
move  with  the  singularity. 

The  expression  for  the  mean  power  output  of  the  far-field  disturbances,  Eq.  (6-12),  is  equally  valid  for 
subsonic  and  supersonic  velocities  of  the  source,  where  in  the  latter  case  the  integration  of  Eq.  (6-11) 
possesses  the  generalized  principal  value. 

6.2  Energy  density  and  energy  flow  due  to  the  near-field  perturbation  terms 

The  energy  density  and  the  energy  flow  due  to  the  near-field  terms  can  be  determined  in  a similar  way  as  for 
the  far  field,  by  using  a moving  spherical  control-surface  of  radius  r^  about  the  singularity  itself,  as  is 
shown  in  Fifc_ 


One  obtains 
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= P.a’  ftaj 


with  Uu  being  the  x-component  of  the  near-field  term  of  disturbance  velocity  and  Vj,|j  the  radial  component 
through  the  spherical  control  surface. 


1 


The  convective  part  of  the  energy  flow  is  given  by 


^KN  ■ 
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Thus,  the  mean  power  output  due  to  the  near  field  perturbation  terms  is  given  by 
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= 0 for  Ma_  < 1 . 
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With  the  disturbance  quantities  being  known,  it  is  easy  to  evaluate  the  integral  in  Eq.  (6-16)  for  a 
subsonic  velocity  of  the  disturbing  source.  This  gives  L|}  = 0 as  stated  in  Eq.  (6-17),  due  to  the 
assymetric  nature  of  the  integrand  with  respect  to  thus  stating  that  there  is  no  mean  power  output 

due  to  the  near-field  perturbation  terms  of  a singularity  in  subsonic  motion.  This  fact  is  well  established, 
verifying  again  that  bodies  in  steady  subsonic  motion  in  a frictionless  medium  experience  no  drag. 

For  supersonic  motion  of  the  singularity,  however,  the  evaluation  of  the  value  of  Ljj  is  somewhat  involved, 
due  to  the  fact  that  the  disturbance  quantities  on  a Mach  line,  according  to  the  linearized  theory,  becomes 
indeterminate.  In  this  case  the  use  of  an  infinitely  long  cylindrical  control  surface  about  the  x-axis  is 
appropriate.  The  rate  of  energy  flow  Ljj  through  the  cylindrical  surface  due  to  a moving  singularity  at 
supersonic  speed,  however,  assumes  a finite  value,  giving  rise  to  the  well  known  wave  drag. 


7.  CONCLUSIONS 

Based  on  the  linearized  theory  of  disturbance  propagation  the  perturbation  field  of  moving  instationary 
singularities  is  determined.  The  unified  treatment  applies,  both,  to  aerodynamics  and  to  aeroacoustics . 

The  perturbation  fields  of  stationary  aerodynamics  are  contained  in  it  as  special  cases. 

In  this  investigation  the  main  emphasis  is  laid  on  the  kinematics  of  the  disturbance  fields.  The  analysis 
of  their  physical  character  leads  to  the  derivation  of  the  main  influence  factors  arising  from  the  motion 
of  the  singularities.  The  derivations,  which  follow  from  the  kinematics  of  the  disturbance  propagation  using 
linear  theory,  confirm  that  the  effect  of  the  motion  of  a singularity,  the  so  called  Mach  number  effect,  is 
purely  a kinematic  effect,  not  a compressibility  effect.  A true  compressibility  effect  can  arise  only  if 
nonlinear  theory  is  applied. 

The  generalized  formula  given  for  the  Doppler  effect  admits  uniform  linear  motion  of  the  singularity  as 
well  as  of  the  field  point  considered,  both  having  arbitrary  orientations  in  space.  All  expressions  derived 
for  the  influence  factors  are  uniformly  valid  for  subsonic  and  supersonic  motion  of  the  singularities. 

The  solution  for  the  perturbation  field  of  moving  singularities  is  derived  in  two  different  ways:  first, 
by  using  the  classical  wave  equation  and  by  inserting  the  kinematic  relations  of  the  disturbance  propaga- 
tion as  auxiliary  conditions,  and  alternatively  by  applying  the  Lorentz-transformation  in  a nondimensional 
form.  Both  methods  are  applicable  to  subsonic  and  to  supersonic  motion  of  the  singularities. 

The  source  solution  is  presented  in  a space-time  continuum  revealing  the  interesting  features  of  the  Lorentz- 
transformation.  Unsteady  moving  singularities  in  the  form  of  sources,  dipoles  and  quadripoles  are  studied 
extensively,  yielding  the  near-field  and  the  far-field  perturbation  potentials  and,  accordingly,  the  density 
and  pressure  perturbations. 
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Disturbance  propagation  from  singularities  in  uniform  motion,  showing  at  a time  instant  t,, 
the  relative  positions  of  the  singularity  and  of  a given  field  point,  which  is  just  met  by 
a signal  emitted  at  a retarded  time  t . 


The  Doppler  parameter  arising  from  the  changed  time  sequence  of  signals  passing  through 
a space-fixed  field  point  in  relation  to  the  time  sequence  during  emission  from  a moving 
singularity. 
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*'lg.  5b:  The  Doppler-frequency  parameter  Op  arising  from  the  changed  time  sequence  of  signals  passing 
through  a moving  field  point  in  relation  to  the  time  sequence  during  emission  from  a moving 
singularity . 
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SUMMARY 

This  investigation  deals  with  the  interference  of  two  or  more  lifting  surfaces  in  two- 
dimensional  iinsteady  incompressible  flow.  The  integral  relations  relating  the  unsteady 
flow  components  around  a harmonically  oscillating  airfoil  to  the  pressure  distribution 
are  presented.  These  relations  are  then  applied  to  treat  two  problems;  first,  calculation 
of  the  flow  field  around  a single  airfoil  for  a given  pressure  distribution  and,  second, 
calculation  of  the  aerodynamic  forces  acting  on  the  lifting  surfaces.  Special  consider- 
ation is  given  to  the  longitudinal  force  component, i.e. drag  or  propulsion,  acting  on  the 
lifting  surfaces,  and  to  the  propulsion  efficiency.  Besides  the  well-known  fact  that  aerp- 
dynamlj  forces  induced  by  interference  may  reach  considerable  values,  the  results  show 
that  for  both  the  pltinging  motion  and  the  pitching  motion,  a lifting  surface  at  rest  lo- 
cated behind  an  oscillating  airfoil  considerably  improves  the  propulsion  efficiency.  For 
the  plunging  motion  the  propulsion  efficiency  is  very  close  to  10C  %,  almost  Independent 
of  the  reduced  frequency  and  the  backward  position  of  the  aft  surface. 


LIST  OP  SYMBOLS 


^Dtotal 


D 

I 

D(xp,z;k)  ^ 

El(-k.^|)  , Ei(k^z|) 

E, 

rCxst)  « f (x)  •exp(ia»t) 

k - Siii 
1 


(v(Xp)) 


coefficients  of  the  pressure  distribution 
vector  of  the  coefficients  a^^ 
drag  coefficient 

time  average  of  Cjj  over  one  oscillation  cycle 
Cjj  of  a tandem  wing  configuration 
Cp  of  a single  airfoil 

drag  coefficient  of  a lifting  surface  combination  (time  average 
over  one  oscillation  cycle) 

cosine  integral 

lift  coefficient 

pitch  moment  coefficient 

coefficient  of  the  longitudinal  force  component 
coefficient  of  the  "suction"  force 

pressure  difference  between  upper  and  lower  wing  surface  referred 
to  dynamic  pressure 

drag  (or  propulsion) 

time  average  of  D over  one  oscillation  cycle 
Influence  function  of  the  velocity  potential,  Eq.(2) 
exponential  integrals 

influence  functions  of  the  longitudinal  wash,  Eq.(12)  and  (15) 
harmonic  motion  of  the  airfoil 
pressure  distribution 
reduced  frequency 

Influence  functions  of  the  upwash,  Eq. (4) , (6) , (8) 
semi-chord;  reference  length 

force  per  unit  span  resulting  from  the  pressure  distribution 

component  of  P in  flow  direction 

"suction"  force  per  unit  span 

sine  Integral 

time 

period  of  oscillation 
longitudinal  wash  referred  to  V 
flight  speed;  reference  speed 

flow  deflection  on  a lifting  surface  referred  to  V 
vector  of  the  flow  deflection 
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X,X' ,y,y' ,z,Xq=x-x’ 
_ 

X,  z 


^T1  • ^T2 


to 

v=  (?/5x,  d/dz) 


upwash  referred  to  V 

vectorial  velocity  referred  to  V 

matrices  of  the  linear  equations  system 

work  per  unit  time  required  to  maintain  the  oscillations  (time 
average  over  one  oscillation  cycle) 

coordinates  referred  to  1 

coordinate  of  the  collocation  points  referred  to  1 

rear  and  upward  position  of  lifting  surface  2 of  the  tandem  wing 
configuration 

angle  of  attack 

propulsion  efficiency  of  an  airfoil 

propulsion  efficiency  of  the  tandem  wing  configuration  (index  T1 : 
lifting  surface  1 oscillates,  index  T2;  lifting  surface  2 oscil- 
lates) 

density 

dimensionless  velocity  potential 

circular  frequency 

operator 


1 . INTRODUCTION 


In  the  past  years,  great  efforts  have  been  made  to  investigate  the  phenomena  of  mutu- 
al aerodynamic  interference  of  oscillating  planar  and  nonplanar  airfoils.  The  theories  on 
three-dimensional  flow  have  been  developed  very  extensively.  They  allow  now  the  predic- 
tion of  general  aerodynamic  forces  for  nearly  arbitrary  lifting  surface  configurations, 
refs.  1,2,3. 

The  two-dimensional  interference  problem  has  not  been  investigated  during  this  pro- 
cess; the  investigation  of  this  problem  was  overleaped.  In  order  to  reduce  the  gap  in 
knowledge,  the  problem  of  interfering  airfoils  in  two-dimensional  unsteady  incompressible 
flow  has  been  studied. 

Up  to  now,  only  little  emphasis  has  been  given  to  the  determination  of  the  longitudi- 
nal force  components  acting  on  interfering  oscillating  airfoils.  Besides  the  general  de- 
sire of  having  methods  available  to  calculate  the  thrust,  knowledge  of  these  force  com- 
ponents might  be  of  special  importance  for  aircraft  with  variable  sweep  where  longitudi- 
nal degrees  of  freedom  may  occur.  Therefore,  in  addition  to  the  usual  general  aerodynamic 
forces  acting  on  interfering  airfoils,  as  desired  for  stability  and  flutter  prediction, 
the  mechanism  of  propulsion  occurence  has  been  investigated. 

The  interference  problem  has  been  treated  by  meauis  of  the  lifting  surface  theory  fol- 
lowing the  method  given  for  the  three-dimensional  flow  in  ref.  1. 

Barts  of  the  results  have  been  published  in  ref.  4. 


2.  INTEGRAL  RELATIONS  FOR  PRESSURE  AND  FLOW  FIELD 
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The  thin,  infinitely  long  airfoil  is  located  in  the  plane  z = 0,  and  each  point  of  it  is 
undergoing  harmonic  translations  of  small  airoplitude  at  reduced  frequency  k. 

On  the  basis  of  the  acceleration  potential  and  by  means  of  doublets,  the  following 
integral  relation  which  relates  the  vectorial  disturbance  velocity  at  any  field  point  to 
the  pressure  distribution  on  the  lifting  surface  can  be  deduced: 


(1) 

where 

(2) 


7^Cp(x' 


) •D(Xjj,z;k)  -dx' 


D(Xjj,z;k)  = 


^0 

j n * ^ 


d^ 


-CO 


From  Eq.(1)  the  relations  given  below  for  the  velocity  components,  i.e.  upwash  and  lon- 
gitudinal wash,  may  be  derived. 

2 . 1 Upwash 

For  the  case  k»z  ^ 0 we  obtain  the  following  expression  for  the  upwash 


1 


(3) 


where 


w(x,z;k)  = 


ACp(x' ) .K(xQ,z;k) .dx' 


-1 


(4)  K(xQ,z;k)  = -^1^-  g-  + e'^^^oL  ilk-e"’''^'  + i-|-(e"'"'‘^'!ri(k|zO  + e^'^Ei(-k|2j ) + 

1.  0 ^ 

Xo/|zl 

* 4“” 

0 ^ 

The  integral  in  Eq,(4)  can  be  exactly  evaluated  after  series  expansion  of  the  exponential 
function. 

Treating  of  the  special  case  z— »0  leads  to  the  well-known  relation,  ref.  5 

1 


(5) 


where 


-1 


w(x,z=0;k)  = (A:p(x' ) (Xq,z  = 0;k)dx' 


(6)  K^(x^,z  = 0;k)  = + i(Si(kXjj)  + -I*)) 


The  kernel  function  K.(x  .z  » 0;k)  becomes  singular  for  x » 0.  The  singularities  are  of 
the  order  1/x„  and  ln(kx°),  where  the  logarithmic  singularity  is  contained  in  the  cosine 
Integral.  ° ° 

For  larger  distances  from  the  lifting  surface  (x— oo ) the  relation  for  the  upwash 
simplifies  considerably. 


(7) 


I 

w(x— *±ao,z  ;k)  « ^ 


ACp(x')*K2(x— •too,z;k)  dx* 


-1 


»rtiere 


7A 


(8) 


K2(x-»±cx)  ,z;k)  - - -1(1  + 


Eq.(7)  shows  that  the  upwash  behind  the  airfoil  in  flow  direction  approaches  a sinusoidal 
function,  whereas  it  disappears  far  ahead  of  the  wing. 


(9) 


For  the  steady  case  k = 0 we  obtain  the  well-known  equations 

1 

-1 


w(x,z;k=0) 


and 


(10) 


w(x,z=0 ;k=0) 


1 

.^|,Cp(x-)^dx- 

-1 


2.2  Longitudinal  Wash 

For  the  case  k*z  ^ 0 the  expression  for  the  longitudinal  wash  becomes 


(11) 


where 


I 

u(x,z;k)  = 

-1 


/iCp(x') •E(x^,z;k)dx' 


(12)  E(x^.z;k)  = 


g g - ike"^^*o[-£e"’^'^'-  -^(e"*^*^' Ei(k|z|)  - e^'^' Ei ( -k|z| ) ) + 

^ " L 


Xo/N 

1 +r^ 

The  factor  z/|z| denotes  that  for  field  points  above  the  plane  z = 0 the  direction  of  the 
longitudinal  wash  u is  in  the  positive  direction  and  for  field  points  below  the  plane 
z = 0 in  the  negative  direction  of  the  x-axis.  The  integral  in  Eq.(l2)  can  be  soved  ex- 
actly after  series  expansion  of  the  exponential  function. 

The  special  case  z-^  has  to  be  treated  carefully,  as  only  doublet  elements  upstream 
of  the  field  point  P(x,0)  contribute  to  the  longitudinal  wash.  The  integral  relation  be- 


(13) 


u(x,z=0;k)  = j|i’-^(Ac^(x)  - ik|ACj^(x' )e"^^o  dx') 


ikja 

-1 


Eq.(l3)  reveals  that  in  the  plane  z = 0 the  longitudinal  wash  disappears  ahead  of  the 
wing,  whereas  it  exists  in  the  wake.  The  latter  statement  is  contrary  to  the  steady  case. 
The  term  ACp(x)  is  valid  only  for  field  points  on  the  lifting  surface. 

For  large  distances  from  the  lifting  surface  (x-»±cd)  the  integral  relation  may  be  re- 
duced to  the  simple  form 


(14) 
where 

(15) 


;/■ 


u(x-*±  oo,z  ;k)  = (ac  (x* ) (x-#-±oo  ;k)dx* 


3^(x— fc±oo,x’ ,z;k)  - - i.^.J.(l  + ^)ke"*^‘He”^’™o 


’I 


J 
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Behind  the  lifting  surface  the  longitudinal  wash  approaches  a sinusoidal  function,  where- 
as it  disappears  ahead  of  the  wing.  A comparison  with  the  corresponding  relation  for  the 
upwash  (Eq.(8))  shows  that  the  phase-shift  between  the  velocity  components  is  Vl2.  With 
respect  to  the  vertical  distance  z,  upwash  and  longitudinal  wash  decrease  exponentially. 
The  decrease  is  proportional  to  the  reduced  frequency. 


For  the  steady  case  k = 0 the  well-known  equations  follow: 

1 


(16) 


u(x,z;k=0)  = Jj’-^ACp(x')  g 1^1  g dx' 


• 1 


and 


(17) 


u(x,z=«0:k=0)  = ||j*'^ACp(x) 


2 . 3 Summary 

With  Eq.(3)  through  (17)  the  integral  relations  relating  the  flow  field  around  an  os- 
cillating airfoil  to  the  pressure  distribution  on  the  airfoil  are  available  in  a numeri- 
cally treatable  form.  This  allows  solving  of  the  following  problems: 

(a)  Calculation  of  upwash  and  longitudinal  wash  at  any  point  of  the  flow  field  for  a giv- 
en pressure  distribution. 


(b)  Calculation  of  the  pressure  distrib.tion  on  an  oscillating  airfoil  or  on  a static 
airfoil  in  an  oscillating  flow  field,  where  the  upwash  on  the  airfoil  is  given  by 
the  well-known  relation  for  the  tangential  flow  condition 


(18) 


v(x;k) 


+ ikf(x)  = w(x,0;k) 


For  a single  airfoil  the  exact  solution  of  this  problem  is  well-known.  In  the  case  of 
interfering  airfoils  however,  the  pressure  distribution  on  each  of  the  airfoils  can 
be  determined  by  approximate  methods  only,  at  least  at  the  present  time. 


3.  PRESSURE  DISTRIBUTION 

For  representation  of  the  pressure  the  following  series  is  suitable: 

(19)  ACp(y)  = ^^a^f^(«r) 

(n) 

where  f^(/')  = , x-  = -oos^  , n = 0(  1 )N,0<y/<;' 

This  series  has  the  advantage  that  the  lift  is  given  by  a and  the  pitch  moment  by  a and 
a^ , see  Eq.(24)  and  (25). 


4.  CALCULATION  OF  THE  UNSTEADY  FLOW  FIELD  AROUND  AN  AIRFOIL 

Calculation  of  the  unsteady  flow  field  around  an  airfoil  makes  it  necessary  to  deter- 
mine the  values  of  the  coefficients  a of  the  pressure  distribution.  For  a given  motion 
of  the  airfoil  this  can  be  achieved  by  comparison  of  the  above  pressure  series  with  the 
well-known  series  of  the  exact  solution  of  the  two-dimensional  problem  as  given,  for  in- 
stance, in  ref.  5. 

The  interation  over  x'  may  conveniently  be  performed  by  aid  of  the  GAUSS-JACOBI  quad- 
rature formulae,  ref,  2.  As  there  is  no  need  to  calculate  the  upwash  on  the  lifting  sur- 
face, no  difficulties  arise  from  the  singularities  contained  in  £q.(6). 

Results 

N\unerical  calculations  were  carried  out  for  the  plunging  motion  f’(x!t)  « exp(i««>t)  and 
the  pitching  motion  f’(x;t)  ■ - x»exp(ifc>t)  of  the  airfoil.  Some  of  the  results  are  presen- 
ted in  figs.  2 through  6. 

For  the  plane  z « 0 figs.  2 through  5 show  the  upwash  and  longitudinal  wash  distrlbu- 


tion  in  front  of  and  behind  the  airfoil  at  several  reduced  frequencies.  In  front  of  the 
wing  the  longitudinal  wash  is  zero  and  the  upwash  vanishes  very  rapidly.  Behind  the  wing 
both  upwash  and  longitudinal  wash  vary  considerably  in  flow  direction.  The  distributions 
are  almost  sinusoidal,  and  the  amplitudes  are  proportional  to  the  reduced  frequency.  The 
maximiun  values  of  the  real  and  imaginary  parts  of  the  upwash  exceed  the  values  given  by 
the  tangential  flow  condition.  This  result  implies  that  considerable  unsteady  aerodynamic 
forces  will  be  induced  when  another  lifting  surface  is  located  in  this  flow  field.  The 
magnitude  of  the  induced  aerodynamic  forces  depends  essentially  on  the  backward  position 
of  the  lifting  surface. 

The  results  obtained  by  applying  the  approximate  formulae  are,  for  x>5  and  large  re- 
duced frequencies,  in  good  agreement  with  those  obtained  using  the  exact  formulae. 

Fig.  6 shows  the  exponential  decreasing  of  the  upwash  with  respect  to  the  vertical 
distance  z at  several  reduced  frequencies  for  the  pitching  motion. 

In  fig.  7 a result  of  this  calculation  is  compared  with  an  exact  solution  given  by 
E.  LAPIN,  R.  COOKSHANXS  and  H.  P.  HUNTER,  ref.  6,  for  the  upwash  at  five  semi-chord  di- 
stance behind  a wing  in  plunging  motion.  Both  results  are  in  good  agreement. 


Fig.  6 

Ebcponential  decreasing  of  the 
upwash  with  respect  to  the 
vertical  distance  z.  Pitching 
motion,  x - 5. 

|w|  = |[(Re(w))^  + (Im(w))2' 


Fig.  7 

Polar  diagram  for  upwash  at  a 
distance  of  five  serai-chords 
behind  wing  mid-chord. 
Parameter:  Reduced  frequency 
w - upwash 

ft  - plunging  velocity 

values  given  in  ref.  6 
o values  of  this  calculation 


T 


5.  CALCULATION  OP  THE  AERODYNAMIC  FORCES  ACTING  ON  INTERFERING  AIRFOILS 
5.1  Solution  of  the  Interference  Problem 

Calculation  of  the  aerodynamic  forces  acting  on  m interfering  airfoils  requires  of 
including  the  upwash  induced  by  one  lifting  surface  on  another  lifting  surface  into  the 
boundary  condition.  On  each  of  the  lifting  surfaces,  the  boiindary  condition  is  defined 
by  its  self-induced  upwash  as  well  as  by  the  upwash  induced  by  the  other  lifting  surfaces 
on  the  lifting  surface  under  consideration,  ref.  1,  This  may  be  expressed  as  follows: 


■ n 


Index 

index 


i (i»inim)  denotes  the  lifting  surface  for  which  the  upwash  has  to  be  evaluated; 
3 (3=1 (l)m)  denotes  the  lifting  surface  inducing  the  upwash. 


Eq.(20)  represents  a system  of  m coupled  integral  equations  for  the  m unlmown  pres- 
sure distributions  Ac  j.  It  may  be  solved  by  application  of  the  collocation  method  de- 
scribed in  detail  in  to-f  1 


ref.  1 . 


After  intrcducing  the  pressure  series  Eq.(l9)  into  Eq.(20)  we  obtain 


'i  " y~y~V3*n3 

(3)  n-0 


where 


-1 

Fulfilling  the  boundary  condition  in  a number  of  collocation  points  P(x  ,0)  leads  to  a 
system  of  linear  equations  for  the  unknown  coefficients  a j of  the  presSure  distributions. 
In  matrix  form  we  can  write; 


^ - ^"i 

(3) 


Jf. (x  , ) 


''i3  ” ^''ni3^*pi^^' 


^®n3)' 


i the  kernel  func- 
depending  on  the 


and  p - 0(1)N,  n = 0(1)N. 

The  elements  of  matrix  W. . may  be  calculated  using  Eq.(22).  For  3 “ i l!he  kernel  func- 
tion Eq.(6)  has  to  be  used;  ^ for  3 i either  Eq.(6)  or  Eq.(4)  apply,  depending  on  the 
vertical  position  of  lifting  surface  3.  The  kernel  fimction  of  the  asymptotic  approxima- 
tion (Eq.(8))  may  also  be  used.  The  numerical  calculation  of  the  elements  of  matrices  W. . 
involves  some  difficulties,  as  the  integrand  in  Eq.(22)  becomes  singular  for  x_“X*. 

These  difficulties  may  be  overcome  by  seperatlng  the  kernel  fvinction  into  a nonsingular 
part  and  a singular  part  and  solving  the  nonsingular  part  niunerically  dnd  the  singular 
part  in  closed  form,  ref. 2. 

Eq.(23)  may  be  solved  for  the  coefficients  a^^j  by  Inversion. 

5.2  Aerodynamic  Forces 

Knowledge  of  the  coefficients  T.  allows  for  each  of  the  m lifting  surfaces  the  calcu- 
lation of  ^ 

(a)  the  pressure  coefficient  ACp  by  aid  of  Eq.(19), 

(b)  the  lift  coefficient  C-  and  the  pitch  moment  coefficient  (V.  with  respect  to  the  aucis 

X « X (positive  nose  Hp)  " 
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(24) 

(25) 


—(i.  + x)  + 4-a, 


(o)  the  generalized  aerodjmeunic  forces. 

6.  SPECIAL  CONSIDERATION  OP  THE  LONGITUDINAL  FORCE  COMPONENT 
6.1  Drag  or  Propulsion  Coefficient 

The  forces  acting  on  a thin,  infinitely  long  plane  plate  are  shown  in  fig.  8.  P de- 
notes the  force  per  unit  span  length  resulting  from  the  pressure  distribution,  P the 
component  of  P in  flow  direction,  and  S represents  the  well-known  "suction"  forci.  For 
small  angles  of  attack«cwe  obtain  for  the  resulting  longitudinal  force  component  D 


D - P^  - S 


(26) 

or  in  coefficient  form 
(27) 


Cd  = Cp^  - Cg 


A relation  for  the  "suction"  force  has  been 
given  by  I.  E.  GARRICK,  ref.  5.  With  the  pres- 
sure distribution  used  in  this  paper  and  after 
changing  from  complex  to  real  quantities,  we 
get  for  the  coefficient  C- 


(28) 

where 


Cs(t) 


'n  = 0 • 


Re(a  )cos6Jt  - Im(a  )sin<i/t 


Integration  of  the  real  part  of  the  pressure  distribution  over  the  surface  yields 
for  the  coefficint  Cp  (t) 


(29) 


Cp  (t)  = - y^A^  r(oos(nJ^  + co8(n+1 

„.o  ^ 

x^)  = -COSj^a  ^e(f(x5t))/9x  denotes  the  real  part  of  the  local  slope  of  the 
rrace. 


where  x 
lifting  sur: 

In  order  to  get  the  information  whether  the  longitudinal  force  acting  on  the  airfoil 
is  either  drag  (positive  sign)  or  propulsion  (negative  sign),  we  determine  the  time  aver- 
age over  one  oscillation  cycle: 


^D  ° T I - - Igyj/  A^^|(cos(  nff)  + cos(n+1 

‘■n«0  n-0 

The  total  longitudinal  force  acting  on  a combination  of  m lifting  surfaces  is  the  sum 
of  the  longitudinal  forces  acting  on  each  of  the  lifting  surfaces.  In  coefficient  form  we 
get 

m 

(31) 


^total 


Is 

i-1 


with  CU  given  by  Eq.(30). 
^i 


6.2  Efficiency  Factor 


Special  information  concerning  the  situation  in  longitudinal  direction  can  be  gained 
by  introducing  t le  efficiency  factor  which  is  defined  as  follows: 


(32) 


?s  - 


D = represents  the  average  propulsion  or  drag  force  per  unit  span,  and  W the  aver- 
age work  per  unit  time  required  to  maintain  the  oscillations  of  a lifting  surface  against 
the  acting  aerodynamic  forces  and  moments,  ref.  5. 


For  a lifting  surface  combination  E represents  the  resultant  propulsion  or  drag  force 
and  W the  total  work  per  unit  time  required  to  maintain  the  oscillations  of  all  the  lift- 
ing surfaces. 


For  the  plunging  motion  7 = exp(lwt)  and  the  pitching  motion  f = -x*exp(iwt)  of  an 
airfoil,  ff  is  given  by  Eq.(33)  and  (34),  respectively. 


(33) 

(34) 


W = iv5lkIm(Cj^) 
ff  « fV^lkIm(C|^) 


7 . RESULTS  FOR  A TANDEM  WING  CONFIGURATION 

Numerical  calculations  were  carried  out  for  a tandem  configuration  as  shown  in  fig.  9 


® 


Fig.  9.  Tandem  wing  configuration. 


Index  1 refers  to  lifting  surface  1,  index  2 to  lifting  surface  2.  Both  lifting  surfaces 
have  the  same  semi-chord  1. 

As  in  sect.  4,  the  following  harmonic  motions  of  the  airfoils  were  selected: 

Plunging  motion  f^  » exp(lut)  fg  « exp(i<iM;) 

Pitching  motion  f^  » - x^  •exp(l*M;)  fg  » - X2*exp(i««rt) 

Reduced  frequency  k^  « « k *^2  “ *■  ^ 

For  the  calculation  the  first  three  coefficients  of  the  pressure  distributions  have  been 
retained. 
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11 


ii 


li 
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According  to  ref.  1,  it  is  sufficient  for  a basic  description  of  the  aerodynamic  for- 
ces to  consider  the  two  special  cases: 

(a)  Lifting  surface  1 oscillates  in  mode  f ^ , surface  2 being  steady,  i.e.  it  0,  = 0. 

(b)  Lifting  surface  2 oscillates  in  mode  surface  1 being  steady,  i.e.  » O,  V2  ^ 0. 

The  coefficients  of  the  aerodynamic  forces  corresponding  to  the  two  special  cases  are  de- 
noted by  indices  as  shown  in  fig.  10. 


Pig.  10.  Indices  of  the  aerodynamic  coefficients. 


In  figs.  11  through  25  a selection  of  the  results  contained  in  the  original  paper, 
ref.  7,  is  presented.  Where  the  real  and  imaginary  parts  of  the  aerodynamic  coefficients 
are  plotted  the  following  notations  are  used:  Ci  = Re(Cj^),  C£  = Im(Cj^),  Cj[j  = Re(C|^), 

Oft  = 

7.1  Lift  and  Pitch  Moment  Coefficients 

Figs.  11  and  12  show  the  lift  and  pitch  moment  coefficients  as  function  of  the  re- 
duced frequency  for  the  pitching  motion.  In  figs.  13  and  14  the  coefficients  are  presen- 
ted as  functions  of  the  rear  position  of  lifting  surface  2.  The  coefficients  marked  by 
index  21  reach  considerable  values  and  show  considerable  variations.  The  effect  of  oscil- 
lating lifting  surface  2 on  lifting  surface  1 is  small. 

7.2  Longitudinal  Force  Component 

The  drag  (propulsion)  coefficients  for  the  pitching  motion,  as  function  of  the  aft 
position  of  lifting  surface  2,  are  presented  in  figs.  15  through  17  and  as  function  of 
the  reduced  frequency  in  fig.  18.  The  force  acting  on  the  lifting  surface  at  rest  is  al- 
ways a propulsion  force  (index  12  or  21),  whereas  the  force  acting  on  the  oscillating 
lifting  surface  (index  11  or  22)  is,  depending  on  the  reduced  frequency,  either  drag  or 
propulsion. 

With  a lifting  surface  at  rest  located  behind  an  airfoil  oscillating  in  pitching  mo- 
tion, the  transition  of  the  lifting  surface  combination  from  drag  to  propulsion  is,  com- 
pared with  a single  airfoil,  shifted  to  lower  reduced  frequencies.  The  influence  of  a 
lifting  surface  at  rest  located  in  front  of  the  oscillating  surface  is  negligible. 

The  result  for  the  steady  case,  fig.  15,  is  interesting,  as  the  absolute  value  of  the 
propiilsion  force  acting  on  the  horizontal  lifting  surface  (index  12  or  21)  is  equal  to 
the  absolute  value  of  the  drag  force  acting  on  the  lifting  surface  at  incidence.  This  re- 
flects the  fact  that  in  a steady  flow  the  drag  of  a wing  is  zero. 

For  the  plunging  motion  figs.  19  and  20  indicate  the  propulsion  coefficients  as  func- 
tion of  the  aft  position  of  lifting  surface  2,  and  fig.  21  as  function  of  the  reduced  fre- 
quency. All  forces  are  propulsion  forces.  A lifting  surface  at  rest  located  behind  a lift- 
ing surface  in  plunging  motion  effects  a considerable  increase  in  the  total  propulsion 
force  acting  on  the  lifting  surface  combination.  The  effect  of  a lifting  surface  at  rest 
located  in  front  of  the  oscillating  airfoil  is  negligible. 

7.3  Propulsion  Efficiency 

Figs.  22  and  23  show  the  propulsion  efficiency  of  the  tandem  configuration  and  the 
single  airfoil  as  fimction  of  the  reduced  frequency.  A positive  propulsion  efficiency  de- 
notes propulsion,  a negative  one  drag. 

The  airfoil  at  rest  located  behind  the  oscillating  airfoil  improves  the  propulsion 
efficiency  considerably.  In  the  case  of  the  plunging  motion,  fig. 22,  the  propulsion  effi- 
ciency is  close  to  100  % and  nearly  Independent  of  the  reduced  frequency.  If  the  airfoil 
is  performing  pitching  motions,  also  a considerable  increase  in  propulsion  efficiency  is 
noticeable  and,  in  addition,  the  transition  from  drag  to  propulsion  is,  compared  with  the 
single  airfoil,  shifted  to  lower  reduced  frequencies. 

For  small  values  of  reduced  frequency  in  pitching  motion,  the  propulsion  efficiency 
becomes  smaller  than  -1.  This  indicates  a loss  of  daunping.  The  necessary  energy  is  extrac- 
ted from  the  airs tr earn. 


Pigs.  24  and  25  Indicate  that  for  both  the  plunging  motion  and  the  pitching  motion 


2 


the  propulelon  efficiency  is  almost  independent  of  the  aft  position  of  lifting  surface  2 
which  is  at  rest. 

An  airfoil  at  rest  located  in  front  of  the  oscillating  airfoil  is  of  negligible  in- 
fluence on  the  propulsion  efficiency  of  the  lifting  surface  combination. 
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Pig.  11 

Lift  coefficient  as  function  of  the 
reduced  frequency  k.  Pitching  motion. 
Distance  from  wing  mid-chord  to  wing 
mid-chord  four  semi-chords,  y » 0. 

- — Asymptotic  approximation. 


Fig.  12 

Pitch  moment  coefficient  as  fimction 
of  the  reduced  frequency  k.  Pitching 
motion  about  axis  x • 0.  Distance 
from  wing  mid-chord“to  wing  mid-chord 
four  semi-chords,  r « 0. 

— Asymptotic  approximation. 


Fig.  17 

Drag  coefficient  as  function  of  the 
aft  position  of  lifting  surface  2. 
Pitching  motion,  z » 0.  k « 2. 
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Fig.  19 

Drag  coefficient  as  function  of  the 
aft  position  of  lifting  surface  2. 
Plunging  motion,  z » 0.  k « 0.5. 

Asymptotic  approximation. 


Fig.  18 

Drag  coefficient  as  function  of  the  re- 
duced frequency.  Pitching  motion,  z = 0. 
Distance  from  wing  mid-chord  to  wing  mid 
chord  four  semi-chords. 


Fig.  20 

Drag  coefficient  as  function  of  the 
aft  position  of  lifting  surface  2. 
Plunging  motion,  z » 0.  k « 2. 

— Asymptotic  approximation. 


Fig.  21 

Drag  coefficient  as  function  of  the  re- 
duced frequency.  Plunging  motion,  z « 0. 
Distance  from  wing  mid-chord  to  wing  mid- 
chord four  semi-chords. 


Pig.  22 

Propulsion  efficiency  as  function  of_the 
reduced  frequency.  Plunging  motion,  z > 0. 
Distance  from  wing  mid-chord  to  wing  mid- 
chord  four  semi-chords.  Index  T1 ; Lifting 
surface  1 oscillates.  Index  T2:  Lifting 
surface  2 oscillates.  Index  S:  Single  wing 


Pig.  23 

Propulsion  efficiency  as  function  of_the 
reduced  frequency.  Pitching  motion,  z = 0, 
Distance  from  wing  mid-chord  to  wing  mid- 
chord four  semi-chords. 
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Pig.  24 

Propulsion  efficiency  as  function  of  the 
aft  position  of  lifting  surface  2.  Plun- 
ging motion,  z = 0.  k = 0.5. 


Pig.  25 

Propulsion  efficiency  as  function 
of  the  aft  position  of  lifting 
surface  2.  Pitching  motion,  z = 0. 
k = 0.5. 
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par  Richard  GRENON  et  Jean  THERS 

Office  National  tf Etudes  et  de  Recherches  Airospatiaies  (ONER A) 

92320  ChttiUon  ■ France 

On  pr^nte  les  risultats  des  mesures  de  pression  instationnaire  effectuto  sur  un  profit  super- 
critique  iquipi  d'une  gouverne  de  bord  de  fuite  de  2S%  de  profondeur  anim4e  d'un  mouvement 
cFoscillation  harmonique  en  teoulement  bidimensionnei  tubsonique  et  trarmonique. 

L'^tude  a mis  en  Evidence  les  differences  importantes  entre  le  regime  subcritique  sans  choc 
et  le  regime  supercritique  avec  chocs.  Dans  ces  deux  cat.  on  a etudie  I'influeni  i des  parametres 
sinstationnairess,  tels  que  la  frequence  et  I'amplitude  des  oscillations,  et  I'infl'  enoa  des  parametres 
(stationnairess,  tels  que  le  braquage  moyen  du  volet  et  I'irKidernre  de  I'aile. 

II  ressort  de  cette  etude  I'importance  des  phenomenet  vitqueux  et  des  phenomenet  lies  aux 
mouvements  des  chocs,  et  la  necessite  de  developper  des  methodet  de  calcult  pouvant  prendre  en 
compte  ces  phenomenet. 

STUDY  OF  A SUPERCRITICAL  PROFILE  WITH  OSCILLATING  CONTROL  SURFACE 
IN  SUB-  AND  TRANSONIC  FLOWS 

The  paper  presents  results  of  unsteady  pressure  measurements  performed  on  a supercritical 
profile  equipped  with  a 25%-chord  trailing  edge  control  surface  in  harmonic  motion,  in  two- 
dimensional  sub-  and  transonic  flows. 

Important  differences  appeared  between  the  subcritical  regime  without  shock,  and  the  super- 
critical regime  with  shock.  In  both  cases,  we  studied  the  influence  of  the  "unsteady"  parameters, 
such  as  oscillation  frequency  and  amplitude,  and  that  of  "steady"  ones,  such  as  mean  flap  setting 
and  wing  angle  of  attack. 

This  study  brought  to  light  the  importance  of  viscous  and  shock-related  phenomena,  and  the 
neceseity  to  develop  calculation  methods  taking  these  phenomena  into  account. 


NOTATIONS 


Vitesse  du  son 


masse  volumique 


Vitesse  de  I'dcoulement 


nombre  de  Mach 


incidence  du  profil 

braquage  du  volet, 
positif  vers  le  bas 

braquage  moyen  du  volet 

amplitude  des  oscillations 
du  volet 


CO  frequence  circulaire 

f-^  frequence  des  oscillations  (Hs) 

|( - toe  _ XFc  frequence  rddulte 
■2Veo  V(x> 

p pression  instantande 

p,„  pression  moyenna 

AF  fluctuation  de  pression 


. P - Poo  coefficient  de  pression 

instantande  (ou  stationnaire) 

^p_  AP  coefficient  de  pression 
instationnaire 

kp  valeur  de  Kp  lorsque  Mj  =1 

coefficient  de  portance  statlormaire 

coefficient  de  portance  instationnaire 

Cm#  coefficient  de  moment  de  tangage 
instationnaire 

CmCf  coefficient  de  moment  de  chamidre 
" instationnaire 

^ angle  de  phase 

Pi.  pression  gdndratrice 

Re  nombre  de  Beynolds 

IMDICBS 

m valeurs  moysnnes  (B,  P) 

t valeurs  locales  (a,  T,  H) 

oo  valeurs  h I'inflnl  amont  (a,  T,  N) 

d indies  affeetd  au  Isr  harmonique  du 
module  et  de  la  phase  de  C 
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1 - INTRODUCTION 

Devant  I'int^rSt  manifest^  povir  lea  techniques 
de  contrfile  actif  gdndrallsd  (CAG  ou  CCV)  qul 
requl^rent  I'utilisation  de  gouvernes  rapides, 
I'ONERA  a entreprls  une  4tude  expdrimentale 
approfondie  dea  effets  instationnairea  d'une 
gouverne  oscillante  dans  le  domains  subsonlque 
et  surtout  transsonlque,  oil  le  calcul  dea  forces 
adrodynamlques  Inatatlonnalces  est  Incertaln. 

Cette  dtude  a falte  en  dcoulement  bldlmen- 
slonnel  sur  un  profll  supercrltlque  du  type  uti- 
lise actuellement  dans  les  pro jets  d'avlons  de 
transport. 

Une  premlbre  partle,  consacrde  A la  description 
du  montage  original  de  lamaquette  et  auz  essals 
en  soufflerle,  sera  sulvle  de  1* analyse  des 
rdsultats  obtenus. 


2 - MONTAGE  DE  LA  MAQUETTE  ET  MESURES  - 
2.1  - Montage  maquette 

Le  profll  retenu  est  un  profll  supercrltlque  de 
16  ^ d'dpalaseur  relative  ddvelopp6  par  la 
Socldtd  Adrospatlale.  La  maquette  est  une  alle 
drolte  en  acler  de  560  mm  d'envergure  et  de 
180  mm  de  corde.  La  gouveme,  de  profondeur 
relative  25  ^,est  en  duralumin.  Le  programme 
d'essai  comporte  une  dtude  en  dcoulement  statlon- 
nalre  et  une  dtude  en  dcoulement  Instatlonnalre. 
11  faut  done  disposer  d'une  excitation  permettant 
des  braquages  statlques  et  dynamlques  Importants 
de  la  gouverne  A des  frequences  dlevees.  Pour 
rempllr  de  telles  conditions,  un  vdrln  hydraull- 
que  asservl  a iti  rdallsd. 

Le  montage  en  veins  se  presents  alors  de  la 
manlAre  sulvante  (fig.  l).  L'alle  est  encastree 
A ses  deux  extremltda  par  un  talon  sur  lea  deux 
tourelles-parols  soufflerle.  L'axe  de  la  gou- 
veme est  lie  A l'alle  par  4 pallers  en  bronze 
et  A chaque  extremlte  11  eat  accoupie  A l'axe 
des  verlns  droit  et  gauche.  Chaque  verln  est 
commande  par  une  servo-valve  pllotee  par  un 
gendrateur. 


La  maquette  est  dqulpde  de  78  prises  de  presslon 
statlque  et  de  32  capteurs  de  presslon  Instatlon- 
nalre type  Kullte  A court  temps  de  rdponse  (16 
en  Intrados  et  16  en  extrados).  Douze  accdie- 
romAtres,  places  pour  mol tie  dans  l'alle  et 
dans  le  volet,  permettent  de  contrfiler  le  mouve- 
ment  de  la  gouverne  par  rapport  A l'alle.  Quatre 
ponts  de  jauges  Indlquent  les  efforts  auxquels 
sont  soumls  l'alle  et  la  gouverne.  On  capteur 
angulalre  flxd  en  bout  de  chaque  axe  vdrln  permet 
d'acedder  A la  fols  au  braquage  moyen  et  A 
1' amplitude  du  braquage  dynamlque  de  la  gouverne. 
Les  deux  capteurs  angulalres  permettent  d'asser- 
vlr  les  vdrlns  entre  eux  par  I'lntermddlalre  des 
servo-valves. 

Ce  systAme  d' excitation  forede  rdpond  blen  aux 
conditions  exlgdes  : couple  dlsponlble  Important, 
braquage  moyen  et  amplitude  dynamlque  rdallsa- 
bles  slmultandment,  variation  de  frdquence 
continue.  Toutes  les  variations  de  paramAtres  se 
falsant  sans  aucun  ddmontage,  11  n'y  a pas  de 
perte  de  temps  lors  des  essals  en  soufflerle. 

Ce  montage  permet  des  oscillations  du  volet  de 
± 1 ° A 100  Hz,  cette  amplitude  pouvant  attelndre 
i 5“  A 20  Hz.  La  limitation  d' amplitude  eat  donnde 
d'une  part  par  le  ddblt  du  groupe  hydraullque  ou 
de  la  servo-valve  et  d' autre  part  par  les  efforts 
d'lnertle  que  peut  supporter  le  volet. 


2.2  - Mesures  en  soufflerle  - 

Le  programme  d'essai  comprenalt  une  partle 
statlonnalre  et  une  partle  Instatlonnalre  pour 
des  nombres  de  Mach  comprls  entre  0,3  et  0,8 

L' Influence  d'une  variation  des  paramAtres 
sulvants  a dtd  dtudlde  : 1.' Incidence  cA  du 
profll,  le  braquage  moyen  S<vi  de  la  gouveme, 
le  nombre  de  Reynolds  et  de  plus  en  Instatlon- 
nalre, 1' amplitude  6^  et  la  frAquenoe  des 
oscillations. 

La  variation  du  nombre  de  Reynolds  est  obtenue 
en  falsant  varler  la  presslon  gAnAratrlce,  d'ou 
le  cholx  de  la  soufflerle  S3  Modane  (l,2^P^ 
^ 4bars). 


capiwin  dtpraMion 
A court  tMiv*  d*  rtpotiM 
*KuMm* 


Fig.  1 — Uontaga  tfun  n’hrwi  OKilltnt  tur  profit  tuptreritiqu*  tpoit. 
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Chtihe  d»  imsupts  instttionntirtt. 


Tous  les  essais  ont  6t4  effectu^s  en  transition 
naturelle.  Un  banc  de  strioscopie  permet  de 
visualiser  les  ondes  de  choc  de  1 ' ^coulement  au 
voisinage  de  la  partie  extrados  du  profil.  En  ins- 
tationnaire,  un  signal  synchronise  avec  le  mouve- 
ment  de  la  gouverne  declenche  25  prises  de  vue 
successives  avec  un  dephasage  de  15“i  plus  un 
nombre  entier  de  pdriodes  entre  cheque  photo.  La 
sdrie  des  25  photos  permet  de  reconstituer  I'dcou- 
lement  au  cours  d'une  periode  oomplfete  du  mouvement 
du  volet  et  de  suivre  le  deplacement  du  choc. 


aire.  L'etendue  de  la  plage  lindaire  est  maxi- 
male  pour  1' incidence  de  1®  et  diminue  rapide- 
ment  pour  les  incidences  de  part  et  d' autre 
de  1®. 


2.3  - Chalnes  d'acquisition 


Exfrados 

Infrados 


Pour  lea  essais  statiques,  executes  separemment 
I'acqulsltion  est  celle  utilises  habituellement 
i S3Modane.  Pour  les  essais  dynamiques,  le  trai- 
tement  du  signal  recuellll  par  les  capteurs 
Kulite  est  celui  represente  par  la  figure  2. 


3 - ANALYSE  DES  RESULTATS 


Essais  statlonnaires 


A incidence  nulls  et  braquage  nul  du  volet, la  zone 
supersonique  localises  au  bord  d'attaque  extrados 
A M = 0,7  s'etend  vers  le  bcrd  de  fuite  A mesure 
que  le  nombre  de  Mach  crolt,  et  une  seconds  zone 
supersonique  apparalt  A l'intrados(fig,3) .Les  zones 
superaoniques  A H = 0,76  sont  profondement  mo- 
difies par  un  braquage  de  5 degrds  en  plus  ou  en 
moins  du  volet  (fig.  4).  On  constate  cependant 
que  le  volet  rests  charge  positivement  dans  les 
deux  cas  change  s 'annuls  pour  un  braquage 
voisin  de  On,  = - 10®). 


Le  coefficient  C.  ^ evolue  linealrement  en  fonc- 
tlon  du  braquage  pour  des  bruuages  ndgatifs  ; de 
H « 0,3  A H = 0,7  la  pente  iS. A rests  sensible- 

WO 

ment  constante,  elle  augmente  ensulte  jusqu'A 
N = 0,76  pour  dlmlnuer  au  delA  (M  = 0,8). 


Fig.  3 - ProtH  SNIAS  leSCI  - a - 0°  , « cs  0*  - Piptrtitiom  * 
prtalon  en  deouhrrmit  tutionntin. 


L'efficaclte  de  la  gouverne  diminue  lorsque  le 
braquage  depasse  2®  en  posltif  en  raison  de 
I'epaississement  de  la  couche  limits  et  du 
d4collement  qul  se  produit  A 1' extrados  du  volet 


L'effet  Re3rnolds  a dtd  dtudid  pour  1' incidence 
de  0®  et  pour  lea  braquages  compris  entre  0 
et  - 5®  ; dans  ce  cas,  il  est  assez  moddrd,  la 
pente  ° ' ‘‘'^dntant  que  de  7^  pour  une 

variation ^u  nombre  de  Reynolds  de  3 A 7 10° 
mais  il  est  probable  que  l'effet  aurait  dtd  plus 
Important  pour  des  essais  dans  la  zone  non 
llndaire  des  courbes 


Si  I'on  met  le  profil  en  Incidence,  on  observe 
(figure  5)  une  variation  assez  faible  de  la 
pente  des  courbes  (6)  dans  leur  partie  lind- 
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V' 


Fig.  4 — Effic*cit4  de  la  gouverne  an  4coulement  stationnaire.  a ^ 0. 


3.2  - Bssais  instationnaires  - 

3.2.1  - Influence  du  nombre  de  Kach  - 

La  figure  6 repr^sente  1* influence  du  nombre 
de  Mach  sur  la  repartition  des  coefficients 
de  pression  instationnaire  pour  une  m8me 
frequence  r^duite.  AM*  0,3>  la  courbe  des 
modules  des  Cpl  a 1'  allure  olasslque  pr^vue 
par  la  th^orle  lln^arls^e.  Lorsque  le  nombre 
de  rtaon  orolt,  le  choc  qul  apparalt  se  tradult 
par  un  pic  sur  la  oourbe  des  Cpi  qul  va 
en  grandlssant  et  en  reculeuit.  Le  d^phasage 
s'aocrott  avec  le  nombre  de  Mach,  mals  11  reste 
constant  dans  la  zone  supersonique  et  pr^sente 
’.II  brusque  saut  au  niveau  du  choc.  On  voit  que 
1' allure  des  repartitions  de  pression  insta- 
tionnaire est  tris  differente  selon  que  I'on 
est  en  regime  suboritique  ou  superoritique. 


3.2.2.  - Influence  de  I'amplitude  des  oscillations 

L’influence  de  I'amplitude  des  oscillations  est 
representde  sur  la  figure  7.  Les  3 courbes  rela- 
tives aujt  trois  amplitudes  i 1 “ , i 3®  et 

i 5®  sont  pratiquement  confondues  en  module  et 


Fig.  S - EHictciM  dt  It  gouvtmt.  t)  Influtnct  dt  Flnddmct  - 
b)  Influtnct  du  nombn  dt  Htynoldi. 


phase  sauf  dans  la  zone  balayee  par  le  choc.  Les 
non  lindarites  n'apparaissent  qu'au  niveau  du 
mouvement  du  choc  et  de  1' apparition  des  d4col- 
lements.  Le  volet  ddcolle  pour  un  braquage  de 
3®  en  stationnaire  b M = 0,73  et  on  constate 
bien  que  les  plus  gros  hearts  sont  entre  les 
courbes  correspondent  k ^ 1®  et  - 3*. 

Un  essai  k M = 0,3, pour  des  amplitudes  de  1® 
et  de  3®  n'a  montrd  aucun  dcart  slgnlficatlf 
entre  les  deux  repartitions  de  C^,0ans  ce  cas 
le  phdnomkne  est  parfaitement  lindalre. 


l>0  6m>0  8i<1*  K: 


Cp^  Eitrodos 


.0  -.  KL-O  S 
-r-M»-0.7 
^*^.0,76 


j] 


de  10  2t  30  ^ de  la  corde,  I'dvolutlon  est  diffd- 
rente  en  amont  et  en  aval  du  choc.  On  a portd 
sur  cette  figure  le  caa  quaai-atationnalre,  c'eat- 
h-dlre  E = 0,  caa  llmlte  de  la  frequence  nulle. 
Cea  valeura  quaal-atatlonnairea  aont  obtenuea  h 
partlr  dea  valeura  dea  Kp  oorreapondant  k 2 
braquagea  volalna  de  la  poaition  moyenne  du 
volet  / 

a = o*,  im  = o*,  Ajrii 

^ |Cp,l«TRAOOS> 

M=0,5  K=  0,235 

3 k TTf  —A—  K = 0,576 

7k  K = IIf£ 


2 ^ ^ V ' 


« ♦ 180  •(EXTRADOS) 


-o-  X/C 


0—  K=0,082 

•—  K=a235 


5lJ'190*(pnRApOS) 


f Ip  7 - InfhmKt  at  r»nti>Utud»  6,  mr  Im  prmiiom  Imatmtmrm. 

3.2.3  - Influence  de  la  frequence  rdduite  - 

Lea  figures  8 et  9 donnent  I'dvolution  dea  CpA 
extradoa  pour  3 frequences  rdduites  h II  > 0,3 
et  N • 0,76.  Bn  rdgiae  aubcritlque  N •>  0,3, 
le  Bodule  dea  presaiona  diainue  et  le  retard 
de  phase  en  aaont  de  la  chamiere  augaente 
loraque  la  frequence  crott.  Bn  regiae  supercri- 
tique  H ••  0,76  oil  la  zone  aupersonique  s'etend 


Ep  9 - InfHitnet  db  to  MqiMnct  rtdulti  tur  I 
eatotfonneeaz 
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II  faut  renarquer  qua  1' Evolution  du  module  de 
C p an  aval  du  choc  ast  da  signa  opposd  da 
calla  an  amont  du  choc  lorsque  la  fr^quanca 
r6dulta  crott. 


M=0.76  ; a=0  ; 6j=1» 

F- 100  Hz 
K-0.235 


L'influanca  da  la  frequence  rdduite  aur  la  coaffi- 
ciant  global  do  portanco  Instatlonnalra  Cm(est 
ropr6sont6o  aur  la  figure  10  pour  M = 0,3  at 
M = 0,76.  A H = 0,3  la  portance  inatationnaire 
|^mg|d6crott  lentement  avec  une  pente  plua 
falble  aux  frdquencea  61ev6ea  tandla  qu'elle 

dlmlnue  tr^a  rapidement  & H ^ 0,76.  |Csg|auper- 
critlque  deviant  rapidement  inf6rieur  A ICaftl 
aubcritique  pour  K 7 0,1. 


a=0«;i^=0«  ; Ai=t1* 


0 02  0.4  06 


10  — Influtnc*  d»  /«  frtqumct  rtduitt  tur  It  porttnct 
inttttlonntire. 


3.3  - Houvement  dea  ondea  de  choc  - 

La  mouvement  du  choc  d'extradoa,  A M = 0,76  at 
une  frequence  de  100  Hz,  an  fonction  de  la  poai- 
tion  du  volet  eat  donn6  par  la  figure  11.  La 
choc  ae  d6placa  antra  47  at  55  % de  la  corde  d'un 
mouvement  non  alnuaoTdal  at  avec  un  retard  de  phaae 
de  I'ordre  de  110®. 


La  figure  n®  12  noua  montre  1' Evolution  du  mouve- 
ment du  choc  A M a 0,73  an  fonction  de  la  frequence 
d'oacillation  (de  67,5  A 106  He).  La  ddphaaage 
du  mouvement  du  choc  par  rapport  A celui  du  volet 
crott  lin6airement  avec  la  frequence  at  ne 


depend  paa  de  1' amplitude  dynamique,  de  faqon  ana- 
logue A ce  qul  a dtd  obaerv^  rdf.tlj  et  rdf. [2]. 


Fig.  11  - OiciUttiont  di  I'ondt  dt  choc  d’txtndoL 


Fig.  12  - OKWadoni  dt  fendt  dt  cAoc  ttKdtdat. 
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3.4  - Interactions  atationnaire-instationnaire 

Les  theories  lin^aris^es  couramment  utilis^es  en 
instatlonnalre  comme  celle  de  Thdodorsen 
[rdf.  3],  ne  prdvoient  pas  les  effets  de  cam- 
brure  et  d'lncldence  [dcoulement  moyen].  Elies 
ne  mettent  en  dvldence  que  I'effet  du  nombre 
de  Mach  et  des  parambtres  instatlonnaires  qui 
determinant  le  mouvement. 

En  fait,  la  rdponse  instatlonnalre  ddpend  de 
I'dcoulement  moyen,  mSme  en  rd^me  subcritique 
et  pour  des  oscillations  trds  falblea  (1°  d'am- 
plitude).  Cela  est  mis  en  dvidence  sur  les 
figures  13  et  14  qui  prdsentent  les  repartitions 
de  pression  instatlonnalre  d'eztrados  k une 
frequence  rdduite  et  une  amplitude  d' oscillation 
donndea  pour  trois  braquages  moyens,  respective- 
ment  en  rdgime  subcritique  k M a 0,6  et  en 
rdgime  supercritique  k M = 0,73  : lorsque  le 
braquage  moyen  augmente,  accroissant  ainsl  la 


Fit  — InfhMtKt  du  bnqutgt  moytn  tur  im  pnaiont 
imtationnairm. 


Fit  14  — InfhmKd  du  bnqMgi  moytn  mir  lt$  prtmtom 
kmtlonntlim. 


charge  moyenne  de  I'alle,  les  modules  des  pres- 
sions  instatlonnaires  dimlnuent,  et  les  phases 
dvoluent  Idgkrement  dans  le  sens  d'une  avance. 

On  remarque  de  plus  une  forte  augmentation  des 
pressions  instatlonnaires  au  bord  de  fuite 
lorsque  le  volet  oscille  de  plus  en  plus  prks 
du  ddcollement  ( Sm  = 2,5*  dans  le  caa  prdsent). 
En  rdgime  supercritique,  on  observe  en  plus  une 
translation  du  pic  de  la  courbe  des  modules  et 
du  saut  de  la  courbe  des  phases  correspondant 
au  ddplacement  de  la  position  moyenne  du  choc. 

La  figure  15  prdsente  la  portance  instatlonnalre 
k une  frdquence  rdduite  et  une  amplitude  d'oscil- 
lation  donndes,  en  function  du  braquage  moyen 
du  volet.  On  a superposd  le  cas  subcritique  k 
M = 0,3  et  le  cas  supercritique  k M = 0,73  pour 
la  mdme  frdquence  rdduite.  Dans  les  deux  cas, 
la  portance  instatlonnalre  semble  mazimale  vers 
Sm  = - 5®,  ce  qui  correspond  k une  portance 
moyenne  nulle.  Lorsque  le  braquage  moyen  et  la 
charge  moyenne  de  I'aile  crolssent,  la  portance 
instatlonnalre  dlminue  d'abord  avec  une  pente 
plus  forte  en  rdgime  supercritique  qu'en  subcri- 
tique, puls  semble  atteindre  un  palier  lorsqu'un 
ddcollement  apparalt  sur  le  volet  (pour  un 
braquage  de  2 k 3°  k M = 0,73  et  de  5 k 7® 

k M = 0,3). 

La  phase  dvolue  assez  peu,  aussi  bien  en  rdgime 
subcritique  qu'en  rdgime  supercritique,  tant 
qu'on  est  dloignd  du  ddcollement.  Elle  augmente 
dans  le  sens  d'une  avance  de  phase  lorsqu'on 
approche  du  ddcollement,  puis  diminue  une  fois 
que  le  volet  est  bien  ddcolld. 

On  volt  que  la  rdponse  instationraire  ddpend  de 
faqon  sensible  de  I'dcoulement  moyen  et  que  les 
interactions  entre  les  divers  phdnomfenes  sont 
particulikrement  complexes  en  rdgime  supercritique. 

Ndanmoins,  en  rdgime  subcritique,  tant  que  I'on- 
est  dloignd  des  ddcollements,  on  voit  sur  la 
figure  15  qu'll  exists  une  zone  autour  du  Cz 
moyen  nul,  o'est-k-dire  pour  Sm  compris  entre 
- 10°  et  0°  environ,  ok  la  portance  instation- 
naire  ddpend  assez  peu  de  I'dcoulement  moyen. 

Cela  justifie  done  I'emploi  de  thdories  linda- 
rlsdes  lorsque  I'alle  est  moddrdment  chargde. 


Fit  IB  - InHutnct  du  bnqutit  moytn  mjr  It  forttnet  AmtiMwww**. 
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3.5  - Comparaison  avec  les  m^thodes  de  provision. 

Dea  oalculs  effectu^s  avec  la  th^^rle  lln^arls^e 
de  la  plaque  plane  sulvant  la  m^thode  de  'Ri^odorsen 
t3]  rnontrent  (figure  16)  que  pour  le  oas  subcritique 
k M » 0,3.  la  oorrespondemce  th^orie-experience 
est  satlsfalsantq  bien  que  la  th^orle  ne  fasse 
pas  de  difference  entre  extrados  et  Intrados.  Les 
plus  gros  ecarts  en  module  se  trouvent  sur  le 
volet  k 1 'extrados;  pour  la  phase  I'dcart  est  sup^- 
rleur  k 10*  aux  frequences  eievees.  Cette 
difference  dolt  Itre  attribuee  aux  effets  de 
cambrure,  d'epaisseur  et  surtout  de  vlscoslte. 


fl§.  tS  - Cofnptrwi$on  dm  pnuiont  irnmthnnmrm  dxptflmtnutm  tme 
l§  ddorlt  lindtrimt. 


La  mSrne  comparaison  falte  en  regime  supercriti- 
que  i M = 0,76  (fig.  17)  montre  que  la  theorie 
llnearlsee  deviant  tout  & fait  inadequate  pour 
representer  1' evolution  des  Cp  aussi  bien  en 
module  qu'en  phase.  Car  pour  un  tel  profil 
les  ecoulements  d 'extrados  et  d' Intrados  sont 
tr^s  differents. 

Si  I'on  etend  cette  comparaison  k M = 0,76 
aux  coefficients  globaux  de  portance,  de  moment 
de  tangage  et  de  moment  de  charnibre  instatlon- 
nalres(flg.  18), on  s'aperqolt  alors  que  les 
ecarts  theorie-experience  sont  trfes  importants, 
ils  atteignent  100  ^ et  plus  pour  \C^c6\  . 

1' evolution  generals  n'est  mSme  plus  respectee 
our  les  coefficients  de  moment.  A M = 0,3 
fig.  19),  la  correspondance  est  meilleure.l'evo- 
lution  est  respectee  mals  les  dcarts  atteignent 
50  % pour  |Cm(cS  |. 


Fig.  17  — Comptnaon  da  pmtions  instttionntira  expdrimtnttla 
tvK  It  thtori*  lindtrad*. 


Sur  la  figure  20  on  a compare  les  rdsultats 
experlmentaux  a deux  calculs  faits  en  dcoule- 
ment  incompressible  (M  = 0,3,  K - 0,235), 
le  premier  est  oelui  ddjk  cite  de  la  thdorie 
de  Theodorsen,  le  second  utilise  un  programme 
developpd  par  la  Societe  Bertln  [4]  sulvant 
la  methods  de  Olesing  [5),  qul  tlent  compte 
de  la  forme  exacts  du  profil  mals  ndglige 
aussi  la  vlscoslte.  Cette  seconds  methods 
dlfferencle  bien  Intrados  et  extrados  au 
bond  d'attaque  et  A la  ohamlAre  et  repro- 
dult  assez  fldblement  1 'allure  des  courbes, 
mals  elle  surestlme  la  valeur  des  modules. 

La  theorie  linearises  de  Theodorsen,  par 
contre,  donne  une  bonne  representation  dans 
la  region  comprise  entre  le  bord  d'attaque 
et  la  chamlAre,  elle  beneflcle  dans  cette 
region  d'une  compensation  heureuse  entre  les 
effets  de  vlscoslte  et  d'epaisseur,  comtne 
cela  avait  de JA  ete  constate  dcms  la  reference 
(6). 


8-10 


1 

I 


i 

I 


M=Q3  6m=0  Si=r  k=Q235 


Fig.  20  — Comptnisons  c»icui  — 9Xp4ri«nc0  : introduction  dot  effots 
cF^pamaur  at  da  cambrvra  dans  las  calculs. 


h - CONCLUSION  - 


d^velopper  des  n^thodes  de  calcul  permettant 
de  trailer  les  cas  supercrltlques  avec  choc 
et  en  tenant  compte  de  la  viscosity.  Cette 
^tude  aura  par  allleurs  montr^  qu'll  exlste 
un  effet  important  de  I'^coiilement  moyen 
sur  la  r^ponse  instatlonnalre. 
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SUHHARI 

A description  and  results  are  driven  of  an  extensive  research  program  set  14)  to 
determine  the  unsteady  aerodynamio  loading  on  oscillating  wing-store  configurations. 
It  is  shown  that  the  tools  developed  in  the  course  of  the  program  allow  for  a more 
accurate  prediction  of  the  unsteady  airforoes  introduced  By  wing  mounted  stores. 


LIST  OP  SYMBOLS 


o 

o 

®r 

d 

f 

k 

-e 

M 

Pi 

Po 

q 

<1. 

s 


suBmatrlx  of  aerodynamic  Influence  ooefflolents 
velocity  of  sound 

unsteady  pressure  ooefflolent{  C^  ” i 

local  side  load  coefficient  } load/c^i 

local  normal  load  coefficient  J U^  “ normal  load/<^,f 

local  chord 

mean  chord 

root  chord 

displacement  of  reference  point  (x/o  > 0.871«  y/s  ■ 0.143) 
frequency  { f " u/2ir 
reduced  frequency  ; k - usAU 

reference  length  { wing  t t ~ o , Body  t 4 - max.diam. 

Ilaoh  number 
unsteady  pressure 
stagnation  pressure 
velocity  vector 
dynamic  pressure 
surface  of  wing  or  Body 
semi  span 
time 

free  stream  velocity 

ri|^t-hand  oarteslan  ooordlnate  system 

unsteady  pressure  jump  Between  the  lower  and  upper  wing  surfaoe 

angular  ooordlnate  on  the  Body 

souroe  strength 

velocity  potential 

perturBatlon  velocity  potential 

oscillation  frequency 


SuBsortjgts 

0 

1 


referring  to  the  Body 

referring  to  the  lifting  surfaoe 

referring  to  the  component  in  phase  with  the  motion 

referring  to  the  oomponent  in  quadrature  with  the  notion 

referring  to  the  steady  flow  field 
referring  to  the  unsteady  flow  field 
referring  to  the  freestream  oondltions 


* This  investigation  was  oarrled  out  under  contract  for  the 
Solantifio  Research  Division,  Directorate  of  Materiel,  RNLAF. 


1 IHTRODOCTiaK 


In  the  last  deoade  the  development  of  military  aircraft  has  shovm  a clear  tendency 
towards  larger  stores,  being  carried  in  close  proximity  to  the  wing  and  the  fuselage. 

To  investigate  the  Implications  of  this  on  the  aeroelastlo  characteristics  of  an 
aircraft  (flutter,  gust  response  and  manoeuvring  loads),  the  NLH  has  ocu-ried  out  an 
extensive  research  program.  This  program  was  focussed  on  an  accurate  determination  of 
the  unsteady  aerodynamic  leading  on  complex  wing-store  configurations.  It  consisted 
of  three  distinct  parts: 

1.  the  development  of  a calculation  method  to  compute  the  unsteady  loading  on  such 
oscillating  configurations. 

2.  unsteady  pressure  meastirements  on  an  oscillating  wing-tiptank-store  windtunnel 
model. 

3.  the  veidfloation  of  the  calculation  method  in  a series  of  flutter  tests,  both 
with  the  (adapted)  windtunnel  model  and  with  the  real  aircraft. 

I 

In  this  peeler  the  different  facets  of  this  research  program  ara  toeohed  iqion. 

Piret  a short  outline  of  the  calculation  method  is  given,  followed  by  a description 
of  the  e:q)erlmental  investigation  on  the  unsteady  pressure  distributions.  Results  of 
these  tests  are  shown  in  a comparison  with  theoretically  obtained  unsteady  pressure 
and  load  distributions. Finally,  both  flutter  experiments  are  described  and  their  results 
are  compared  with  flutter  data  obtained  by  using  theoretically  determined  aerodynamic  loads. 

2 TOE  "NLRI"  CALCUUTION  METOOD 

2.1  General  observations. 


Until  recently  the  unsteady  loading  on  oscillating  airplane  configurations  was 
approximated  by  "thin  wing  theory",  such  as  lifting  surface  or  lifting  lattice  techniques. 

The  effects  introduced  by  the  fuselage  and  / or  the  stores  were  neglected  or  taken  into 
account  by  using  slender  body  theory.  Kalman,  Roddan  and  Qleslng  (Ref.  1)  were  the  first  to 
attempt  a more  thorough  computation  of  wlng/body  interference  effects.  Lately,  their 
original  ring-wing  concept  as  applied  in  the  doublet  lattice  method  has  evolved  into  a 
more  complete  method  (ref.  2),  which  can  be  expected  to  produce  satisfactory  results 
8LS  far  as  unsteady  aerodynamic  coefficients  are  concerned.  Recently,  Morlno  et  al 
(ref.  3 and  4)  have  developed  a computer  program,  which  can  treat  jomplex  configurations 
in  steady  and  unsteady,  subsonic  and  siqjersonic  flow.  As  far  as  unsteady  flow  is  concerned, 
an  evaluation  of  both  methods  still  awaits  a comparison  with  experimental  data  for  a 
complex  wlng/body  configuration. 

The  method  developed  at  NLR  (NLRI -method)  is  set  \q>  to  meet  two  requirements.  It 
should  provide: 

1.  the  unsteady  aerodynamic  forces  on  wing/body  configurations  for  aeroelastlo  analysis 

2.  detailed  pressure  distributions  to  support  unsteady  windtisuiel  measurements  and  to 
obtain  more  information  about  the  distribution  of  the  loading  over  the  configuration. 

This  means  that  the  method  has  to  compute  both  local  and  overall  aerodynamic  coefficients 
and  generalised  aerodynamic  coefficients  as  well  as  detailed  pressure  distributions  on  both 
the  body  and  the  wing.  These  requirements  have  been  met  by  combining  the  already  existing 
doublet  lattice  method  with  an  unsteady  source  panel  method. 

The  next  chapter  gives  a short  outline  of  the  NLRI-method.  For  a more  detailed 
description  of  the  method  and  its  formulations,  the  reader  should  consult  references  5 and  6. 

2.2  Outline  of  the  method. 

The  flowfield  about  a configuration  is  described  with  a velocity  potential 
ft  “ (J^x  f.  The  perturbation  potential  9 satisfies  the  linearized  equation: 

* V * ^ ^»xt  * 0 (1) 

The  flow  is  aseiMd  to  resiain  tangential  to  the  surface  of  the  configuration  as  is 
expressed  by  the  boundaiy  condition 

^ - 11+  q.FS  -0  (S  -0)  (2) 

in  which  3(x,y,8,t)  • 0 describes  this  surface.  The  cenfiguratien  is  taken  to  perform 
haiaonio  oscillations  about  a steady  mid-position.  Therefora  the  perturbation  potential  9 
is  split  into  a steady  part  9 and  an  unsteady  part  9^e  This  results  in  a 
dsooupllng  of  the  steady  and  the  unsteady  flowflelds,  for  which  the  governing  eqmtions 
oan  be  reduced  to  the  L«q>laoa  equation  and  the  Helmholtz  equation  respeotively.  The  solution 
for  both  flow  fields  oan  be  found  in  teras  of  an  integral  over  a source  dlstrtbution  on  the 
surface  of  the  configuration  and  a dipole  dlstribrtlon  on  the  oamber  surface  and  the  wake. 

The  strength  of  these  distributions  is  found  hf  applying  boundary  condition  (2)  in  which 
now  S represents  the  surface  of  the  harmonically  osolllating  surface. 


The  result  Is  a set  of  Integral  equations  for  both  the  steady  and  the  unsteady  flowfleld 
of  which  for  praotloal  applications  a solution  can  be  fo\md  only  with  a panel  method 
approach. 
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The  approach  used  here  Is  a oomblnatlon  of  a lifting  lattice  method  for  the  lifting 
surfaces  and  a constant  source  panel  method  for  the  bodies.  In  particular  for  the 
unsteady  flowfleld  the  choice  fell  on  the  well-known  doublet  lattice  method  and  an 
insteady  source  panel  method  of  the  type  described  by  Hess  (ref. 7).  The  doublet  lattice 
method  Is  chosen  because  of  Its  established  success  and  flexibility  In  applications  on 
Interfering  lifting  surfaces.  The  constant  source  panel  method  Is  preferred  In  view  of  the 
experience  available  at  the  NLR  with  this  method  for  steady  flowflelds. 

With  the  discretization  In  panels  the  Integral  equations  are  reduced  tc  sets  of 
algebraic  equations  which  In  matrix  form  read: 


f A®® 

1 .BD 

1 A 

(T 

F® 

1 

'§ 

' A 

' 

1 A 

* 

AC 

P 

with  IT  being  the  yet  unknown  souroe  strengths  on  the  body  panels  (B)  and  AC  the  group 
of  lifting  line  strengths  (equivalent  to  the  pressure  jump  across  the  surf^e)  for  the 
1/4-ohord  lines  of  each  lifting  surface  panel  (D).  P®  and  pD  stand  for  the  prescribed 
nomal  velocity  (boundary  oom'ltlon)  In  all  collocation  points  of  respectively  the  body 
and  lifting  surface  panels.  The  matrix  of  aerodynamic  Influence  coefficients  Is 
partitioned  Into  four  subeutrloes.  The  coefficients  In  the  suboatrlces  [A^^]  and  [A^^]  , 
which  represent  the  nonial  velocity  Induced  by  a body  panel  with  a unit  souroe  strengthi 
are  computed  with  the  form:U.atlonB  of  the  constant  souroe  panel  method  for  respectively 
steady  and  oscillatory  flow.  The  ooefflolente  In  the  submatrloes  [a®®J  and  [A®®]  represent 
the  normal  velocity  Induced  by  a lifting  surface  panel  with  a lifting  line  of  unit  strength. 
These  are  computed  following  the  lines  of  the  vortex  and  doublet  lattice  methods. 

Por  the  solution  of  the  matrix  equation  a method  Is  used  based  on  the  e:q>eoted 
properties  of  the  sub-matrices.  First  the  subset  of  equations  containing  [A^^]  Is  solved 
with  an  Iterative  Gauss-Seidel  process.  Then,  the  residue  Is  detennlned  and  used  to  solve 
the  set  containing  [a®®]  with  a direct  Grout  process.  The  residue  Is  determined  again 
and  the  process  Is  started  from  the  beginning.  This  Iteration  process  Is  repeated  several 
times  until  the  Increment,  «diloh  during  each  run  Is  added  to  the  solution  of  (T  and  AC 
has  become  smaller  than  a certain  value.  A i'-elaxatlon  factor  takes  care  of  large  oaol¥la- 
tlons  diudng  the  first  few  Iteration  steps. 

Prom  the  ooiaputed  source  strength  <r  the  velocity  and  pressure  distribution  on  the 
bodies  oan  be  deteimlned  while  the  pressure  jUQp  AC  across  the  lifting  stufaoes  Is  known 
already.  Integration  leads  to  both  local  and  overal?  aerodynamic  ooefflclents. 

A schematic  dlagrcun.  Indicating  the  important  steps  in  the  calculation  method  is 
given  In  figure  1.  As  was  mentioned  before  dividing  the  perturbation  potential  In  a steady 
and  an  oscillatory  part  results  In  a decoupling  of  the  steady  and  unsteady  flowflelds. 

As  indinated  In  figure  1,  the  coupling  is  restored  If  In  the  unsteady  boundary  condition 
and  the  expression  for  the  imsteady  pressure  at  the  body  surface  the  effects  of  the  local 
changes  in  the  steady  flowfleld  due  to  the  presence  of  the  bodies  are  taken  Into  account. 

The  realization  of  this  coupling  requires  the  computation  of  second  order  derivatives  of 
the  stea4y  perturbation  potential,  which  on  certain  parts  of  the  configuration  turn  out 
to  violate  the  small  perturbation  assumption  (the  first  derivative  remains  small). 

Clearly  a constant  source  panel  method  is  not  suited  to  compute  higher  order  derivatives. 
Therefore  In  the  computations  which  yielded  the  results  mentioned  In  this  paper,  the 
coupling  was  Ignored,  which  means  that  first  order  boundary  conditions  and  pressure  formula 
were  used. 

3 UNSTEABT  WimmiNNEL  NEASUREHEHTS 
3.1  The  experiment. 

To  obtain  an  insight  into  the  aerodynamio  oonsequenoes  of  the  addition  of  stores  on 
a wing  oscillating  In  subsonic  flow  and  further  to  have  a first  check  on  results  computed 
with  the  KLRI-method,  a wlndtunnel  experiment  was  performed.  The  model  oonoemed  was  a 
swept  t^>ered  wing  equipped  with  a tlptank  and  a detachable  under-wing  store  (see  figure  2). 
A sketch  of  the  model,  showing  the  planform  and  its  overall  dimensions  Is  given  In  figure  3. 

The  model  oo\U.d  be  driven  Into  slnueoidal  pitching  usolllatlons  with  adjtistable 
frequencies  and  two  locations  of  the  pitch  axis  (ISjK  and  30!^  of  the  rootohord).  To  determine 
the  vibration  mode  of  the  model  during  the  testa,  the  wing  and  stores  were  equipped  with 
miniature  aooelerometers.  Using  the  ITLR  unsteady  pressure  measuring  system,  whloh  employs 
pressure  tubes  oonneoted  to  soannlng  valves,  a detailed  mapping  of  the  unsteady  pressure 
distribution  was  obtained  on  the  win^  as  well  as  on  the  tlptank  and  the  store.  The  number 
of  pressure  orifices  totalled  160  on  the  wing,  78  on  the  tlptank  and  66  on  the  under-wing 
store.  I^mamio  oalibration  of  the  measuring  system  was  provided  by  some  miniature  pressure 
trsnaduosm  bdilt  in  the  wing. 
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The  measurements  were  carried  out  for  several  combinations  of  Nachnumberi  frequency  and 
pitch  axis  location*  Further, all  tests  were  run  for  two  model  configurations:  wing  with 
tiptank  and  wing  with  tiptank  and  under-wing  store. 


r 


■1 


A more  detailed  description  ofjthe  experiment  was  given  by  Renirie  (Ref.  8),  who 
also  presented  some  preliminary  data.  In  this  paper  a few  additional  results,  taken  from 
reference  6,  are  shown.  Here  the  data  are  used  as  a check  on  the  results  obtained  with  the 
aforemantloned  KLRI-method. 

3.2  Comparison  of  experimental  and  theoretical  results. 

The  results  presented  next  concern  both  configurations,  with  and  without  store, 
pitching  about  the  IJji  chord  axis  with  a frequency  of  11  Hz  at  a Maohnumbor  0.45. 

1 

For  the  wing  with  tiptank  figure  4 contains  the  chordwise  distribution  of  the  j 

unsteady  pressure  jump  AC  across  the  wing  in  a section  close  to  the  tiptank.  The  expert-  ' 

mental  data  are  seen  to  be  in  satisfactory  agreement  with  the  theory.  Since  the  model 
tiptank  was  not  detachable  its  influence  could  not  be  determined  separately,  but  the 
computed  results  for  the  wing  with  and  without  tiptank  show  this  influence  clearly. 

Apparently  addition  of  the  tiptank  results  in  an  increase  of  the  pressure  Jump  near  the 
wing  tip. 

The  measured  and  calculated  pressure  distribution  in  axial  direction  on  the  tiptank 
(fig.  5)  shows  a rather  good  agreement  except  at  the  rear  where  in  reality  separation  is 
present.  Both  theory  and  experiment  show  the  Influence  of  the  wing  in  terms  of  the  rela- 
tively large  pressures  near  the  attachement  position.  Integration  of  the  pressure  distri- 
bution in  angular  direction  leads  to  the  unsteady  ncnoal  force  distribution  presented  in 
figure  6. 

Figure  7 shows  the  spanwise  unsteady  normal  load  distribution-for  the  two  different 
configurations.  The  theoretical  curves  show  that  the  tiptank  acta  as  an  endplate,  preven- 
ting the  loading  to  go  to  zero  at  the  tip.  Addition  of  the  pylon  and  store  under  the  wing 
is  seen  to  introduce  a jump  in  the  spanwise  load  distributions.  This  jump  indicates  that 
circulation  is  carried  off  by  the  pylon  towards  the  store.  As  a result  of  this,  the  pylon 
and  store  will  experience  an  outward  pointing  side  load.  Although  the  magnitude  of  the 
jump  and  the  trend  of  the  theoretical  and  experimental  curves  are  about  the  same,  the 
overall  level  of  the  measurements  is  somewhat  lower,  at  least  for  the  in  phase  loading. 

This  feature  is  common  for  "flat  plate"  theories,  which  exhibit  an  infinite  pressure  peak 
at  the  leading  edge. 

An  example  of  an  unsteady  pressure  distribution  along  the  under-wing  store  is  given  in 
figure  8.  The  agreement  between  experiment  and  theory  is  rather  satisfactory  except  near 
the  rear  of  the  store, where  separation  is  present.  The  calculations  made  for  the  isolated 
store  and  the  wing  with  the  store  only  show  that  the  presence  of  the  wing  and  pylon  intro- 
duces a marked  interference,  which  is  largest  near  the  attachment  of  the  pylon  with  a 
maximum  near  the  wing  leading  edge.  Adding  the  tiptank  has  only  a marginal  effect. 

In  figure  9 snd  10  the  noimal  and  side  load  distributions  along  the  store  are  presented 
for  the  same  three  configurations.  On  the  isolated  store  the  normal  load  distribution  is 
antisymmetrioal,  reflecting  the  fact  that  the  front  and  rear  end  are  identical.  In  figure  10 
the  Isolated  store  is  missing  since  for  a rotational  symmetric  body  the  side  load  is  zero. 

Interference  effects  introduced  by  wing  and  pylon  are  clearly  visible  in  both  figures.  The 
side  load  on  the  store  is  in  agreement  with  the  observations  made  on  the  jump  in  the  normal 
load  distribution  on  the  wing. 

When  comparing  the  load  distributions  on  the  wing,  the  tiptank  and  the  store  it  is 
essential  to  notice  that  they  are  nondimensionalized  in  a different  wsy.  The  scaling  factors 
are  given  in  the  figures.  For  the  case  considered  here(19^  pitch  axis)it  is  found  that  the 
loading  on  the  tiptank  and  store  is  of  the  order  of  T%  to  10)J  of  the  wing  loading.  However, 
as  will  become  evident  in  the  last  part  of  this  paper,  this  does  not  neoessaidly  mean  that 
these  loadings  can  be  neglected  in  aeroelastio  calculations. 

4 FLUTTER  TESTS 

4.1  General. 

Considering  the  reasons  for  developing  the  KLRI-method,  a further  check  on  the  quality 
of  the  results  of  this  method  was  obtained  by  applying  them  in  a flutter  investigation. 

To  acquire  data  for  comparison,  flutter  experiments  were  carried  out  on  ooaq>lex  oonflgura- 
tions  to  which  it  was  sensible  to  apply  the  NUlI-method.  These  experiments  consisted  of 
flutter  test  in  the  windtunnel  on  the  model  previously  used  for  the  unsteady  pressure 
measurements,  as  well  as  a series  of  flight  tests  with  the  aircraft  on  which  the  model  was 
based  (except  for  a difference  in  under-wing  store).  In  the  following  these  testa  are 
discussed  shortly  and  the  data  are  compared  with  results  of  flutter  oaloulations  with  aere- 
dynamic  input  from  the  RUtl-method. 

4.2  Model  experiments. 

To  convert  the  model,  used  for  the  pressure  measurements,  into  a simple  flutter  model 
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Its  siispenslon  oedumism  was  modified  (see  fig.  11).  The  root  of  the  model  was  suspended 
in  a eat  of  elastio  springs  resulting  in  a two  degree  of  freedom  systemi  pitob  and  roll. 

The  stiffhess  of  the  springs  was  designed  suoh,  that  a flutter  condition  could  be  reached 
within  the  test  limits  of  the  variable  density  wlndtunnel  HST  of  the  NLR.  A further 
requirement  set  to  the  stiffness  of  the  springs  was  that  the  resonance  frequencies  of  the 
model  remained  within  the  range  of  frequencies  covered  in  the  earlier  unsteady  pressure 
measurements.  Moreover,  at  these  frequencies  the  model  Itself  could  be  regarded  as  almost 
stiff  thus  leading  to  rather  siiq>le  vibration  modes. 

In  order  to  get  as  complete  a check  on  the  NLRI-prooedure  as  possible  the  model  was 
tested  in  three  different  oonflgurations:  the  plain  wing,  the  wing  with  tiptank  and 
finally  the  wing  With  tiptank  and  under-wing  store.  All  three  oonflguratlona  were  tested 
at  about  the  same  resonance  frequencies  and  vibration  modes.  This  was  achieved  by  replacing 
the  tiptank  and  the  pylon-store  oomblnatlon,  when  not  present,  by  additional  masses 
outside  the  airstream,  thus  keeping  the  inertia  oharaoterlstios  the  same.  In  this  manner 
eill  differences  in  the  flutter  behaviour  of  the  three  configurations  should  in  principle 
be  attributed  to  the  variations  in  the  unsteady  aerodynamios  as  caused  by  the  presence  of 
the  bodies  and  not  to  the  combined  variation  of  unsteady  aerodynamics  and  inertial 
oharaoterlstios. 

Finally  the  flutter  experiments  were  oamded  out  at  a constant  Mach  number  but  vaiying 
stagnation  pressure.  The  Haoh  number  was  fixed  at  M^-  0.7  in  order  to  avoid  transonic 
effects,  which  are  not  included  in  the  unsteady  aerodynamic  theory. 

The  results  of  the  flutter  experiments  performed  on  the  three  configurations  are 
gathered  in  figure  12.  This  flutter  diagram  gives  the  behaviour  of  the  hysteresis  damping 
and  frequency  of  the  various  modes  as  a function  of  the  stagnation  pressure  at  a constant 
Mach  number.  It  should  be  mentioned  that  the  results  shown  are  obtained  by  averaging  the 
data  of  several  repeated  tests.  Further,  all  wlndtunnel  tests  were  carried  out  for  condi- 
tions below  the  actual  flutter  points.  The  latter  were  determined  by  applying  the  method 
of  Zimmerman  and  Weiseenburger  (ref.  9). 

From  figure  12  it  can  be  observed  that  the  flutter  behaviour  of  the  three  configura- 
tions is  very  different  indeed.  While  the  two  frequencies  and  the  damping  for  the  bending 
mode  remain  relatively  unaffected  by  the  change  in  configuration,  the  damping  for  the 
torsion  mode  and  the  predicted  flutter  point  vary  considerably.  The  more  complex  this  confi- 
guration becomes,  the  lower  the  damping  in  torsion  and  the  lower  the  steignation  pressure 
required  for  flutter  will  be.  Evidently  this  effect  is  caused  by  the  unsteady  aero- 
dynamic loads  generated  by  the  external  bodies,  for  the  differences  in  inertial  charac- 
terlstios  between  the  various  configurations  are  made  negligibly  small. 

A comparison  between  the  theoretical  and  experimental  flutter  oharacterlstics  is 
presented  in  fig.  13  throu^  15.  In  the  first  plot  (fig.  13)  the  flutter  diagram  is  shown 
for  the  bare  wing.  As  can  be  expected  the  agreement  between  computed  and  measured  flutter 
behaviour  is  rather  good.  Both  resonance  frequencies  and  the  development  of  the  correspon- 
ding dampings  are  predicted  very  well.  Only  at  higher  stagnation  pressures  a small 
difference  between  theoretical  and  experimental  results  can  be  observed.  Then  the  two  vibra- 
tion modes  appear  to  couple  leas  in  theory  than  in  the  extmrlment  and  as  a consequence  the 
theoretical  flutter  point  occurs  at  a higher  stagnation  pressure  than  when  predicted  on  the 
basis  of  the  subcrltical  experimental  data  points.  Thus  the  unsteady  aerodynamic  forces 
appear  to  be  a little  more  effective  than  predicted  by  theory.  In  this  respect  it  should 
be  noted  that  when  the  results  are  transformed  to  actual  flight  speed,  these  differences 
amount  to  not  more  than  about  3 per  cent.  This  means  that  for  the  purpose  of  flutter  speed 
prediction  an  excellent  agreement  la  obtained. 

The  theoretical  and  experimental  flutter  results  for  the  configuration  of  the  wing  with 
tiptank  are  compared  in  figure  14.  Although  the  trend  is  predicted  correctly,  the  agreement 
is  not  as  good  as  in  the  case  above.  The  theory  predicts  flutter  to  occur  at  a lower 
stagnation  pressure  than  indicated  by  the  experimental  data.  Apparently,  the  unsteady 
aerodynamlo  forces  lire  sll^tly  overestimated  by  the  theory. 

To  find  out  to  what  extent  the  unsteady  aerodynamic  forces  generated  by  the  tiptank 
itsalf  contribute  to  the  flutter  behaviour  of  the  present  configuration,  additional  oalou- 
latlons  were  performed  in  which  the  unsteady  aerodynamic  loads  on  the  tiptank  were  omitted. 
The  unsteady  interference  loads  from  the  tiptank  onto  the  wing  were  not  excluded.  Although 
the  flutter  oharaoterlstios  develop  in  the  same  manner  as  before  (fig.  14),  the  difference 
in  the  damping  curves  of  the  two  vibration  modes  is  remarkable.  The  stagnation  pressure  at 
idkich  flutter  la  predicted  has  shifted  considerablyi  from  about  p^  •>  1.93  bar  for  the  case 
the  unsteady  loads  on  the  tiptank  are  taken  into  account  to  about  p^  * 1.76  bar  for  the 
oase  these  loewls  are  omitted  from  the  oalculatlons.  Apparently  the  unsteady  aerodynamic 
loads  on  the  tiptank  decrease  the  dynamic  pressure  at  which  flutter  is  enooxmtered  by 
about  12)(. 

The  flutter  results  for  the  wing  with  tiptank  and  pylon-store  oomblnatlon,  are  present- 
ed in  fig.  13.  When  comparing  the  experimental  data  with  the  results  predicted  by  theory, 
again  a rather  good  agreement  is  found,  be  it  that  the  experiments  lead  to  a lower  flutter 
stagnation  pressure  than  predicted  by  theory.  For  this  oonflguratlon  the  unsteady  aero- 
dynamic loads  are  sli^tljr  underestimated  by  the  theory. 


For  this  configuration  also  it  was  analysed  to  what  extent  the  flutter  oharacteristios 
are  governed  by  the  unsteady  aerodynamic  loads  on  the  externally  mounted  bodies.  To  that 
end  two  sets  of  additional  calculations  were  perfoimeds  firstly,  flutter  calculations  in 
which  the  unsteaify  aerodynamio  loads  on  both  the  tiptanJc  and  the  store  were  omitted  and 
secondly  calculations  with  only  the  unsteady  loads  on  the  tiptank  omitted. 

In  both  cases  the  interference  loads  from  tiptank  and  store  onto  the  wing  were  taken  into 
aocount.  The  results  of  these  calculations  are  incorporated  in  fig.  1^.  As  can  be  expected 
from  comparison  with  the  previous  configuration,  the  omittance  of  the  unsteady  loads  on 
the  external  bodies  leads  to  more  stable  configurations.  When  the  aerodynamio  forces  on 
the  tiptank  are  omitted,  the  stagnation  pressure  at  which  flutter  is  predicted  goes  up 
from  about  p = 1.3  l>ar  to  about  1,5  bar.  Neglecting  the  aerodynamio  loading  on  the 
under-wing  sfore  also,  causes  the  pressure  to  rise  to  about  p ' 1.65  bar,  which  compared 
to  the  complete  configuration  means  an  increase  of  25  per  cen?.  Comparing  these  figures  it 
may  be  observed  that  some  40^  of  the  difference  between  the  configuration  with  and  without 
external  bodies  can  be  attributed  to  the  unsteady  aerodynamic  loads  on  the  store  under  the 
w:ng.  Evidently  the  remaining  60j5  of  the  difference  is  due  to  the  unsteady  loads  on  the 
tiptank.  The  cause  for  this  is  very  much  related  to  the  location  of  the  two  bodies  as 
compared  to  the  two  vibration  modes  of  the  model. 

4.3  Fli^t  tests. 

The  fli^t  flutter  tests  were  perfonned  on  a fighter  airplane  of  which  the  wings  were 
equipped  with  a tiptank  and  two  external  stores  mounted  at  two  separate  wing  stations: 
an  outboard  and  an  inboard  station.  The  test  data  were  gathered  at  a constant  altitude 
and  varying  Mach  number. 

The  two  basic  vibration  modes  that  are  important  here  are:  first  wing  bending  and 
first  wing  torsion.  In  both  oases  the  tiptank  exhibits  a considerable  amount  of  pitch 
rou^ly  about  its  midpoint. 

An  illustrative  result  of  these  flight  flutter  tests  is  presented  in  fig.  16.  It 
concerns  the  flutter  characteristics  for  a flight  Mach  number  of  0,8.  The  theoretical 
results  in  figure  16  have  become  available  from  flutter  calculations  in  which  various 
assumptions  were  made  with  respect  to  the  unsteady  aerodynamic  forces  taken  into  account. 
First  of  all  oalculations  were  made  in  which  the  unsteady  loads  on  the  external  bodies 
were  neglected.  A comparison  of  these  theoretical  results  with  the  experimental  data 
reveals,  that  especially  for  the  damping  values  the  theoretical  prediction  is  rather  poor. 
However,  adding  the  unsteady  aerodynamic  forces  on  the  tiptank  brings  the  theoretical 
values  of  the  damping  for  both  the  bending  and  the  torsion  mode  much  more  in  agreement 
with  the  experimental  values,  A further  expansion  of  the  unsteady  aerodynamio  forces  with 
those  on  the  inboard  and  outboard  store  on  the  other  hand  hardly  modifies  the  result 
obtained  already.  It  may  be  concluded  that  in  this  case  unsteady  forces  generated  by  the 
underwing  stores  hardly  contribute  to  the  flutter  behaviour  of  the  airplane.  Apparently 
this  is  due  to  the  fact  that  the  vibration  modes  under  concero  both  have  a considerable 
and  offeotivo  displacement  in  the  region  of  the  tiptank,  whereas  at  the  location  of  the 
Inboard  and  outboard  store  the  amplitude  of  vibration  is  rather  small  . 

5 COTCLUSION 

In  the  present  paper  a description  is  given  of  an  extensive  investigation  of  the 
unsteady  airloads  on  wing-store  configurations  oscillating  in  subsonic  flow  and  of  their 
effect  on  the  flutter  characteristics.  This  has  resulted  in  a theoretical  method  to  predict 
these  unsteady  airloads,  idilch  is  verified  by  two  different  types  of  experiments: 
unsteady  pressure  measurements  and  flutter  tests  in  both  the  wlndtunnel  and  free  flight. 

It  is  found  that  reliable  predictions  can  be  obtained  and  that  the  unsteady  aerodynamic 
loads  on  the  external  bodies,  although  being  small  in  comparison  with  the  unsteady  loads 
on  the  wing,  may  influence  the  flutter  characteristics  greatly. 
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PAPER  No.  10  - A review  paper  for  Session  II  on  Unsteady  Transonic  Flow  by 
Dr  H.Tijdeman,  was  not  provided  by  the  author  for  publication  in  the  Conference 
Proceedings. 

The  material  presented  in  Dr  Tijdeman’s  Symposium  paper  is  part  of  that  contained 
in  his  recent  dissertation  entitled  “Investigations  of  the  Transonic  Flow  Around  Oscillating 
Airfoils”,  NLR  Report  TR  77090.  Interested  readers  are  referred  to  Dr  Tydeman’s 
dissertation. 
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COMMENT 

by 

T.Hsieh 

Sverdrup 

ARO,  Inc.  AEDC  Division 
Arnold  Air  Force  Station 
Tennessee  37389 
USA 


First,  I would  like  to  congratulate  Dr  TUdeman  for  his  excellent  review  paper.  In  some  of  your  slides,  you  showed 
good  agreement  in  the  unsteady  surface  pressure  data  obtained  by  using  pressure  tubes  and  in-situ  transducers  in  both 
subsonic  and  transonic  flow  regimes.  I think  this  is  an  important  contribution  because  the  tube  system  can  reduce  the 
initial  cost  of  the  test  and  is  more  convenient  to  set  up.  Would  you  please  comment  about:  (1)  what  difficulties  that  one 
would  expect  in  using  the  tube  system?  (2)  What  is  the  procedure  to  obtain  the  transfer  function?  Is  it  time  consuming? 
(3)  What  is  the  dimensions  of  the  tubes  you  used  in  your  test?  What  is  the  maximum  length  one  can  use  for  good  results? 
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UNSTEADY  TRANSONIC  FLOW  COMPUTATIONS 
by 

A.  R.  Seebass,  N.  J.  Yu,  and  K-Y.  Fung 
Department  of  Aerospace  and  Mechanical  Engineering 
University  of  Arizona 
Tucson,  Arizona  8S721 


SUMMARY 

We  investigate  the  effects  of  unsteady  siodes  of  motion  on  two-dimensional  transonic  flows;  we  do  so 
in  the  context  of  the  Invlscld  small  perturbation  approximation.  The  study  is  a numerical  one  and  draws 
upon  the  alternating-direction  implicit  procedure  developed  for  such  calculations  by  Ballhaus  and  his  co- 
workers at  the  NASA  Ames  Research  Center.  Our  numerical  algorithm  treats  shock  waves  as  moving  discontin- 
uities. Results  of  nonlinear  and  time-linearized  calculations  of  the  transonic  flow  past  an  NACA  64A006 
airfoil  experiencing  hanaonlc  motions  in  several  of  its  inodes  are  presented  and  discussed. 


1.  INTRODUCTION 

In  unsteady  transonic  flows,  relatively  small  periodic  changes  in  the  boundary  conditions  can  lead  to 
substantial  changes  in  the  loads  and  moments  with  marked  phase  lags.  These  are  of  major  concern  in 
the  aerodynamic  design  of  aircraft  that  operate  in  the  transonic  regime.  A short,  but  timely,  review  of 
various  aspects  of  unsteady  transonic  flow  may  be  found  in  Reference  1.  Of  particular  concern  are  aero- 
elastic  behavior,  and  flutter  and  buffet  boundaries.  Here  the  unsteady  perturbations  may  sometimes  be 
small  enough  that  linearization  about  a nonlinear  steady  flow,  as  suggested  by  Landahl  (2)  long  ago,  is 
possible. 

In  such  flows  the  behavior  of  the  boundary  layer,  especially  as  it  is  affected  by  the  pressure  rise 
caused  by  any  shock  waves  in  the  flow,  is  clearly  of  major  importance.  Additionally,  in  the  neighborhood 
of  the  leading  edge  the  flow  perturbations  are  large;  consequently,  highly  accurate  invlscld  results 
require  the  use  of  the  full  potential  equation.  It  seems  likely  that  eventually  the  computational  algor- 
ithms used  in  routine  studies  of  unsteady  transonic  flows  will  use  Che  Reynolds  averaged  Navler-Stokes 
equations  now  used  in  research  studies.  However,  such  algorithms  (3)  currently  require  substantial 
computer  time  and  are  too  inefficient  for  exploratory  studies  such  as  this  one.  The  ability  of  these 
algorithms  to  model  complex  unsteady  transonic  flow  phenomena,  such  as  buffet,  has  recently  been  demon- 
strated (A). 

An  Important  consideration  in  constructing  an  algorithm  for  unsteady  transonic  flows  is  the  treatment 
of  moving  shock  waves.  The  experimental  observations  of  Tljdeiaan  (S-7)  indicate  that  even  for  simple 
airfoil  motions  shock  wave  motions  can  be  complicated,  and  that  they  can  strongly  affect  aerodynamic  force 
and  moment  variations.  Tlme-llnearlzed  methods,  l.e.,  methods  that  assume  the  unsteady  perturbations  are 
small  compared  to  the  basic  steady  disturbance  have  not  usually  considered  shock  motions  (8,  9),  although 
they  can  be  modified  to  do  so  for  small  shock  excursions  (10).  Time-integration  methods  (11-18)  treat 
shock  waves  by  "capturing"  them,  a procedure  that  can  present  a number  of  difficulties. 

Unsteady  experiments  (5-7),  analysis  (10)  and  numerical  studies  (10)  all  indicate  that  the  amplitude 
of  the  shock  wave  motions  Increases  Inversely  with  reduced  frequency.  Thus  some  of  the  most  Important 
effects  occur  with  low-frequency  motions.  This  is  not  surprising;  nonlinear  behavior  is  suppressed  at 
higher  frequencies,  with  the  small  perturbation  equation  becoming  linear  for  frequencies  higher  than  the 
two-thirds  power  of  the  airfoil's  thickness- to-chord  ratio.  Explicit  finite-difference  schemes  are  not 
efficient  when  applied  to  low-frequency  cases  because  the  stability  restriction  on  the  time  step  is  sub- 
stantially more  severe  than  that  required  for  accuracy.  As  a result,  efficient  seml-lmpllclt  methods  (13) 
and  even  more  efficient  fully  implicit  methods  (11,  12,  17,  18)  have  been  developed.  Caradonna  and  Isom 
(17)  use  an  iterative  implicit  procedure,  l.e.,  the  nonlinear  implicit  finite-difference  equations  must 
be  solved  iteratively  at  a given  time  level.  In  an  earlier,  unpublished,  study  we  also  used  such  a pro- 
cedure. Ballhaus  and  Steger  (11)  and  Beam  and  Harming  (18)  constructed  more  efficient  algorithms  that 
solve  the  nonlinear  equations  directly  by  the  solution  of  simple  matrix  equations  generated  by  an 
alternating-direction  implicit  (ADI)  procedure.  This  method  has  proven  to  be  so  efficient  that  it  is  now 
used  as  an  alternative  to  successive  line  over-relaxation  (SLOR)  for  steady  flow  calculations  (Reference 
19  and  Yu  and  Beebass,  unpublished). 

As  mentioned  above,  these  implicit  schemes  "capture"  shock  waves,  i.e.,  shock  waves  evolve  automati- 
cally as  part  of  the  numerical  solution.  Shock  capturing  produces  shock  profiles  that  are  distorted  in  a 
manner  that  depends  on  the  truncation  errors  in  the  finite-difference  schame.  The  use  of  mixed-difference 
schemes  (11,  18)  can  improve  the  situation  for  cases  in  which  the  flow  changes  from  supersonic  to  subsonic 
across  the  shock.  However,  when  this  condition  is  not  satisfied  the  differencing  cannot  be  switched 
across  the  shock  and  shock  resolution  is  poor.  In  any  case,  shock  capturing  requires  spatial  grid 
spaclngs,  in  regions  where  shock  waves  are  anticipated,  that  are  sufficiently  small  to  resolve  the  shock 
waves.  The  grid  spacing  required  to  do  this  la  usually  much  smaller  than  that  required  to  resolve  flow 
variable  gradients  in  most  of  the  rest  of  the  flow  field.  Shock  fitting  removes  the  large  gradients  from 
the  finite  difference  solution  and  permits  equivalent  flow  field  resolution  with  fewer  grid  points,  both 
in  space  and  time  (20,  21).  If  shock  waves  are  not  treated  as  discontinuities,  but  are  to  be  captured 
correctly,  the  difference  aquations  must  be  solved  in  conservation  form.  This  imposes  an  additional  con- 
straint on  the  construction  of  finite-difference  schemes  that  can  be  difficult  to  satisfy. 

A need  for  shock  fitting  also  arises  in  computing  tlme-llnearlzad  solutions  for  very  small  unsteady 
perturbations.  Tlme-llnearlzad  solutions  for  Indlcial  motions  can  be  used  to  determine  force  and  moment 
coefficient  variations  at  various  reduced  frequencies,  obviating  the  need  for  a numerical  solution  at  each 
reduced  frequency  (sea,  e.g..  Reference  22). 
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Traclt  et  al.,  (8,  23,  24)  have  developed  relaxation  methods  for  solving  the  resulting  tlme-llnearlzed 
equations  of  motion  for  harmonic  disturbances.  Less  complete,  but  comparable,  studies  have  been  made  by 
Weatherlll  et  al.  (25);  these  derive  from  an  earlier  study  by  Ehlers  (26).  In  both  of  these  studies  shock 
motions,  which  contribute  substantially  to  the  time-varying  loads  and  moments,  are  neglected.  Difficul- 
ties also  arise  In  the  convergence  of  the  Iterative  numerical  scheme.  Unsteady  small  amplitude  motions 
have  shock  wave  excursions  that  are  the  order  of  the  amplitude  of  the  motion  divided  by  the  reduced  fre- 
quency of  the  motion.  Consequently,  these  shock  motions  dominate  ocher  low  frequency  contributions  Co  the 
lift  and  moment  coefficients.  Such  tlme-llnearlzed  shock  motions  can  be  computed  In  a rational  way,  but 
the  accuracy  of  the  results  depends  critically  on  an  accurate  resolution  of  the  stesdy  flow  field  In  the 
vicinity  of  the  shock  wave  (10);  this  Is  best  accomplished  by  shock  fitting. 

This  paper  briefly  reviews  the  numerical  procedures  we  have  developed  for  computing  nonlinear  and 
tlme-llnearlzed  small  perturbation  unsteady  transonic  flows.  We  use  an  ADI  scheme  and  treat  shock  waves 
as  discontinuities  in  the  flow.  Calculations  of  the  transonic  flow  past  an  NACA  64A006  airfoil  experi- 
encing harmonic  or  Indlclal  pitching  and  flap  oscillations  are  discussed. 

2.  raBMULATKW 

We  write  the  unsteady  small  disturbance  equation  for  low  frequency  transonic  flows  In  Che  commonly 
used  form 

+ ♦yy  - 0.  (1) 

The  spatial  coordinates,  the  time,  and  the  velocity  potential  in  (1)  have  been  non-dlmenslonallzed  by  the 
chord,  the  reciprocal  of  the  angular  frequency,  and  Che  free  stream  velocity  times  the  chord,  respectively. 
Other,  perhaps  more  useful  and  suitable,  forms  are  given  In  References  21  and  27.  This  equation  results 
from  a systematic  expansion  of  the  velocity  potential  In  the  thickness  ratio  T and  applies  for  reduced 
frequencies  K ~ 0(t^^^)  where  K • uc/U,  i.e.,  Che  angular  frequency  multiplied  by  the  time  It  takes 
Che  flow  to  traverse  the  airfoil  chord.  Lin,  Relsner  and  Tslen  (28)  showed  that,  with  restriction  to 
ssull  perturbations  throughout  the  flow,  this  Is  the  only  nonlinear  equation  that  arises.  For  moderate 
frequencies  the  equation 

- 2K^  ^ + (1  - - (Y  + 1)M^[6  + ^ T ^ «♦.])♦  + ♦ - 0 

tt  xt  “ X Y + 1 t XX  ’^yy 

Is  frequently  used,  with  or  without  the  ^ term,  and  may  provide  results  that  apply  at  higher  frequen- 
cies Chan  those  obtained  from  (1). 

The  boundary  condition  on  the  body  takes  the  simple  form 

♦y(x.0,t)  - t[Y*  + ^ (y“  + Ky")],  -|i.x<i,  (2) 


where  Y(x,t),  the  Instantaneous  body  shape,  has  been  decomposed  Into  a steady  part,  Y°,  and  an  unsteady 
part,  Y**,  Here  6 Is  Che  amplitude  of  the  unsteady  oscillation.  Because  K • 0(t^^^),  the  last  term 
In  (2)  Is  dropped  unless  y“  = 0 or  Is  small.  For  this  reason,  the  tlme-llnearlzed  perturbation  velocity 
potential  for  plunging  motlSns  (Y  • 0)  Is  Just  K times  that  for  Che  analogous  pitching  motion,  where 


Y"(x,t) 


(x  - X )sln  t. 
o 


Numerical  studies  conducted  by  Magnus  (15)  show  Chat  erroneous  boundary  data  on  a finite  domain  can 
lead  Co  significant  errors.  The  low  frequency  approximation  Implies  that  any  changes  In  the  circulation 
are  communicated  Instantly  downstream  to  Infinity.  Consequently,  the  simplest  boundary  conditions  are 
4-0  on  the  downstream  boundary  and  4-0  on  the  other  boundaries.  Ballhaus  and  Goorjlan  (12)  used 
these  boundary  conditions  In  their  study  and  obtained  satisfactory  results.  The  validity  of  such  far- 
fleld  boundary  conditions  can  only  be  Justified  by  numerical  experiments;  I.e.,  near  the  boundary  the 
disturbance  quantities  4^,  and  4 , must  be  much  smaller  chan  the  values  at  the  airfoil  surfaces.  For 
the  lifting  case,  4 depends  on  th2  Instantaneous  circulation,  F.  This  dependence  can  be  derived 
theofatlcally  by  assuming  that  In  the  far  field  all  the  perturbations  are  small  compared  to  the  basic 
steady  state  (see,  e.g..  Reference  27).  Here  we  use  a stretched  coordinate  system  that  maps  the  doubly 
Infinite  domain  Into  |c|  £ 1,  |n|  ^ 1,  and  set  ~ ^ downstream  boundary  C ~ 1 and  4 - 0 

elsewhere  on  the  boundary  of  this  domain.  As  a numerical  test  for  this  procedure  we  hsve  computed  the 
steady  state  circulation  about  an  NACA  64A006  airfoil  for  various  flap  deflection  angles,  using  the  ADI 
method  with  appropriate  far-fleld  values  of  4,  corrected  for  the  usual  steady  state  circulation  con- 
tribution. These  results  have  been  compared  with  the  results  obtained  by  the  ADI  calculations  with  the 
boundary  conditions  employed  here  for  an  unsteady  flap  deflection  to  the  correct  angle.  These  results 
are  Identical  within  the  accuracy  with  which  we  have  computed  the  solutions. 


Any  shock  wave  that  exists  In  the  flow  field  must  satisfy  the  Jump  relation  derived  from  the  conser- 
vative form  of  the  governing  equation  (1),  namely 


-2ia^l4,l^(^)  - (1  - - (Y  + l)M^4j^  I4,l^  + I4yl^  - 0 

together  with  the  condition  derived  from  the  assumption  of  Irrotationallty, 

<S'.  ■ 


(3) 


{*) 
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Here  ^ refers  to  the  mean  value  of  ^ evaluated  on  each  aide  of  Che  discontinuity,  and  Indi- 
cates the  jump  In  ^ across  the  dlicontlnulcy;  the  subscript  "s"  denotes  the  quantity 

evaluated  at  the  shock  surface. 


The  pressure  coefficient,  defined  so  that  It  vanishes  at  sonic  conditions,  takes  the  form 


(5) 


In  the  small  disturbance  approximation,  the  Kutta  condition  Is  Imposed  by  requiring  that  C be  contin- 
uous at  y - 0 for  x > 1/2.  ^ 


2.1  Tlme-Llnearlzed  Equations 

He  now  assume  that  the  unsteady  disturbances,  characterized  by  5,  are  small  enough  that  we  may  write 


♦ (x,y,t)  - ♦*(x,y)  + «i|i(x,y,t)  + o(S) 


(6) 


and  neglect  higher-order  terms  In  5.  The  restriction  Imposed  on  { for  this  to  be  true  will  depend  on 
the  other  parameters  of  the  problem,  viz.,  x = (1  - M^)/[(y  + 1)M^t]^'^  and  K.  This  gives 

{1  - - (Y  + 1)M%'}*'  + ♦'  -0,  ♦•(x,0)  - tY*'(x),  -4<x<^;  (7) 

OD  XX  yy  y 2 — “ 2 


+ {[1  - - (Y  + *yy  ‘ “ ’'x  " 2 - * - 7 ' 

The  solution  to  (7)  must  satisfy  the  steady  version  of  the  shock  relations  (A)  and  (5).  The  shock  rela- 
tions for  (8)  are  discussed  In  Section  2.2. 

We  avoid  writing 

♦ (x.y.t)  - Re{iKx,y)e^“*^)  (9) 

as  this  restricts  the  study  to  harmonic  motions.  Because  Indlclal  motions  can  be  superimposed  to  obtain 
the  results  for  any  frequency,  they  seem  more  Important.  Equation  (9)  results  In  an  equation  for  a com- 
plex-valued i|i  which  may  be  solved  by  line  relaxation.  Our  experience  with  unsteady  ADI  techniques  has 
been  that  they  are  at  least  as  effective  as  line  relaxation  for  problems  of  this  type,  and  hence  there  Is 
no  advantage  to  the  decomposition  (9). 

The  numerical  algorithm  developed  In  Reference  21  and  described  briefly  In  Section  3 can  be  used  to 
solve  the  basic  equation  (1)  subject  to  the  boundary  conditions  (2),  the  shock  conditions,  (3)  and  (A), 
the  far-fleld  boundary  conditions  and  the  Kutta  condition.  Steady  state  solutions,  A*(x,y),  may  be 
obtained  rapidly  by  aubjectlng  a basic  steady  state,  such  as  undisturbed  flow,  to  rapidly  changing 
boundary  data  until  a new  steady  configuration  Is  prescribed.  This,  then,  determines  the  steady  state 
result  for  (7)  needed  to  solve  (8) , 

2.2  Shock  Fitting 


The  basic  algorithm  for  shock  fitting  In  mixed  flows  was  developed  In  a previous  study  of  steady 
transonic  flows  (20).  A different  approach  to  shock  fitting  has  also  been  used  by  Hafez  and  Cheng  (29)  In 
their  study  of  steady  transonic  flow  problems.  Their  procedure  essentially  replaced  the  shock-point 
operator  of  Murman  (30)  by  an  analogous  difference  statement  derived  from  the  shock  Jump  conditions.  Sub- 
sequently, the  velocity  potential  on  each  side  of  the  shock  wave  la  extrapolated  to  locate  the  shock  wsve. 
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To  understand  the  shock-fitting  procedure  for  unsteady  transonic  flow  calculations  It  Is  necessary  to 
recall  how  shock  waves  form  In  an  unsteady  field.  Shock  waves  are  generated  when  the  local  flow  becomes 
supersonic  and  compressive.  While  the  Initial  ahock  formation  may  not;  be  predicted  exactly  by  the  numer- 
ical solution  when  shock  fitting  Is  used  In  the  early  stages  of  shock  wave  formation.  It  eliminates 
spurious  oscillations  In  the  numerical  solution  and  does  provide  the  correct  development  of  the  shock  wave 
In  later  stages  of  the  calculations  (31).  The  criteria  that  we  set  for  the  Initial  shock  formation  Is 
that  the  local  flow  become  sonic  (relative  to  the  airfoil)  and  compressive.  In  the  body-fixed  coordinate 
system,  a shock  wave  can  exist  both  In  the  usual  supersonlc-aupersonlc  and  supersonic-subsonic  transitions, 
but  also  In  a purely  subsonic  flow  field,  sometimes  referred  to  as  a "subsonic-subsonic"  shock.  In  any 
case,  the  flow  ahead  of  the  shock  relative  to  a coordinate  system  fixed  on  the  shock  must  be  always  super- 
sonic. Consequently,  the  correct  Judgment  for  the  existence  of  a shock  wave  In  the  unsteady  field  la  to 
evaluate  the  local  flow  velocity  ahead  of  a prospective  shock  with  respect  to  the  coordinate  syatam  fixed 
on  It;  l.e..  If  the  local  flow  Is  supersonic  a shock  nay  exist.  If  the  local  flow  becomea  aonlc  the  shock 
strength  diminishes,  and  If  It  la  subsonic  a shock  cannot  exist. 

Any  shock  wave  that  exists  In  the  flow  field  must  satisfy  the  Jtap  relations  (3)  and  (A).  In  two- 
dimensional  small  perturbation  transonic  flows  the  shock  waves  that  usually  occur  are  nearly  normal  to  the 
flow  direction.  While  It  Is  not  necessary  to  do  so.  In  the  numerical  calculatlona  raported  here  we  have 
assumed  that  If  the  basic  steady  flow  has  a shock  wave,  then  this  shock  may  be  approximated  by  a shock 
wsve  normal  to  the  free  stream  flow.  To  be  consistent  with  this  approximation  we  aist  also  asstae  that 
the  notion  of  any  shock  wave  that  arises  from  unsteady  changea  In  the  flow,  as  well  as  the  motion  of 
existing  shock  waves.  Is  also  cslculated  by  this  normal  shock  approximation.  For  thla  almpllfled  nodal, 

(3)  and  (A)  reduce  to 


f 

\ 


11-4 


141 


0 on 


T 1:  ; 
2K 


- 1 

• 

(t  + DM^ 
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(10) 


which  gives  the  speed  of  the  ciomal  shock  In  the  flow  field.  For  stead;  flows  4 Is  a function  of  x 
alone;  this,  of  course,  still  permits  |p  | to  vary  with  y.  For  unsteady  flows,  while  x Is  a 
function  of  t alone,  the  strength  of  thi  shock  will  still  vary  with  y.  ^ 


For  time-linearized  flows  the  steady  state  result  for  4°  with  normal  shock  fitting  will  give  a 
steady  state  shock  position  x*,  0 ^ |y|  ^ y*  • Ue  now  determine  the  shock  wave's  motion  by  writing  the 
perturbed  shock  position  as  x”  - x|  -f  ix(f)  ~and  using  the  tlme-llnearlzed  version  of  (10);  we  note  that 
an  expression  of  the  form  x°  > 5x(t)/K  would  probably  be  more  appropriate.  From  (10),  we  conclude  that 
the  shock  motion  Is  governed  by 


on  Che  shock, 
tlon  we  find 


It  ■ ^ 


Linearizing  the  expression  In  (11) 


with  g«|  - l^"!  + 6|4l  - 0 (11) 

for  the  velocity  potential  about  the  steady  shock  posl- 


4(x^,y,t)  - 4(x',y,t)  + 4^(x“,y,t)6dx 

- 4*(x*,y)  + 4*(x'.y)«dx  + «4(x*,y,t)  + 0(4^. 

Because  ve  have  treated  the  shock  as  a normal  one,  y appears  here  simply  as  a parameter.  Now 

D(^(x  ,y,t)|  and  0^*(x^,y)|  are  both  zero;  consequently  ve  have 
a s 

t 

|♦(x;,y,t)|  - - l4;(x*,y)||4^(x;,O.Odt  (12) 

0 

which  must  be  Integrated  In  time  In  conjunction  with  the  solution  to  (8). 


3.  mjMERlCAL  PROCEDURES 

In  a preliminary  study  of  the  unsteady  transonic  flows  a normal  shock-fitting  procedure  was  Imple- 
mented In  an  Implicit-Iterative  scheme.  Satisfactory  results  were  obtained,  but  the  procedure  was  tlme- 
cor.sumlng  because  of  Che  Iterative  process  required  at  each  time  step.  The  recent  studies  of  Ballhaus 
and  Sceger  (11)  and  Ballhaus  and  Goorjlan  (22)  show  that  an  ADI  scheme  Is  more  efficient  that  the 
Implicit-Iterative  scheme  In  treating  the  low  frequency  transonic  flotrs.  The  shock-fitting  algorithm  was 
modified  and  Implemented  with  an  ADI  scheme.  In  this  section  the  ADI  procedure  and  the  method  used  for 
unsteady  shock  fitting  are  briefly  reviewed. 

3.1  Coordinate  Stretching 

To  minimize  the  far-fleld  boundary  effects  on  the  numerical  results  a relatively  large  computational 
region  Is  usually  required.  For  some  of  the  cases  studied  In  this  paper  the  shock  excursions  are  large 
and  the  unsteady  disturbances  carried  several  chord  lengths  away  from  the  airfoil;  thus,  the  use  of  a 
relatively  large  computational  domain  seems  desirable.  A simple  and  straightforward  way  of  computing  the 
solution  In  a large  computational  domain  Is  to  use  nonuniform  mesh  distributions  with  most  of  the  mesh 
points  concentrated  In  the  region  of  Interest.  An  alternative  Is  to  Introduce  analytical  coordinate 
stretchings.  In  the  present  study,  we  use  the  following  coordinate  stretchings: 


C " 1 (1  - exp(+aj^x)}  for  x < 0 and  n • 1 {1  - exp(^2F)}  y < 0, 


where  a and  a.  are  constants  that  control  the  mesh  distributions.  The  Infinite  physical  domain  Is 
transformed  Into  the  finite  computational  domain  bounded  by  |c|  £ 1,  and  |n|  i.  1.  The  transformation 
provides  a concentrated  mesh  distribution  near  the  airfoil  which  is  suitable  for  the  present  study.  While 
this  scaling  Is  not  consistent  with  the  known  slgebralc  decay  of  the  perturbations,  calculations  msde  with 
an  algebraic  scaling,  viz.,  f • x/(|x|  -f  a^)  etc.,  gave  essentially  Identical  results.  The  exponentlsl 
variation  used  here  seems  more  desirsble  nCsr  ths  airfoil. 


The  governing  equation  (1),  written  In  the  stretched  coordlnste  system.  Is 

-2nd  (y  + i)>d  - 1 , 1 . |„| 

X rr  f 1 ‘i^^  - : (i  - ?li)  ♦„> 

isjd  - |nl)  (y  + i)tr  ^ ^ { “i'^  t 


~2 ‘ 

s,(l  - |n|)  ' t 


0. 


(13) 


Beesuss  (13)  Is  In  divergence-free  form,  s conservstlve  difference  spproxlmstlon  esn  be  constructed  If  the 
shock  wave  is  to  be  "esptured"  rsther  then  ''fitted." 


The  Dormsl  shock  Jiap  relation  follows  directly  from  (13); 
the  strfoll  surface  are  now 


this  relation  and 


ths  boundary  condition  on 


II-S 


..  «,(1  - |e|)(Y  + 1)  - 1 , 


2K 


(14) 


and 


♦^(0.0  - (1  - Ul)  ■*■  «P<V^^  1 « 1 1 - «P(-«j/2)- 

Equations  analogous  to  (13)  and  (14)  for  the  tlae-llnearlzed  results  are  given  In  Reference  10. 

3.2  Alternating-Direction  lanllclt  (ADI)  Method 

The  low  frequency  equation  In  the  stretched  coordinate  systen  Is  solved  by  the  alternating-direction 
Inpllclt  scheme  developed  by  Ballhaus  and  Steger  (11).  To  simplify  this  discussion,  equation  (13)  Is 
re%rrltten  In  the  fora 


T,  + F,  + G 

Ct  6 n 


0, 


(15) 


where  the  function  T,  F and  G may  be  determined  by  comparing  equations  (13)  snd  (IS).  The  solution 


Is  advanced  from  time  level 


to  level  "nl-l"  by  the  following  two-step  procedure: 


— (»'*’  - 
At  ' t 


0; 


1_  ,_n+l  »+N  . i 1 


-g") 


(16) 


Here  "V  refers  to  an  Intermediate  value  of  F,  D.  Is  the  type-dependent  difference  operator  for 
(-derivatives  and  S the  central-difference  approximation  for  n-derlvatlve.  The  backward  difference 

approximation  for  fP  can  be  either  a first-order  or  a second-order  difference  approxlastlon,  with  the 
latter  giving  Improved  results.  The  nonlinear  term  F Is  evaluated,  using  a linearization  somewhat 
different  from  the  two-time  level  averaging  procedure  of  Ballhaus  and  Steger.  The  difference  approxima- 
tions described  above  provide  first-  or  second-order  accuracy  for  Y,.^,  second-order  accuracy  for  F, 


and  G,,  In  subsonic  regions,  and  first-order  accuracy  for 
shows  that  the  procedure  Is  unconditionally  stable. 


F^  In  supersonic  regions. 


A local 


analylls 


In  the  first  step  a quadradlagonal  system  Is  generated  and  can  be  easily  solved  by  direct  elimination. 
For  lifting  calculations  two  grid  lines  are  used  to  represent  the  lower  and  upper  surfaces  of  the  airfoil. 
The  circulation,  r.  Is  calculated  by  T - ~ 4ixE  through  each  sweep.  Here  "ITE"  denotes  the 

upper  and  lower  values  at  the  first  grid  point  behind  the  trailing  edge.  This  circulation  Is  Incorporated 
Into  the  construction  of  the  n-derlvatlves  behind  the  airfoil  for  n * 0. 

In  the  second  step  a trldlagonal  system  Is  generated  by  the  body.  Ahead  of  the  leading  edge  and 
behind  the  trailing  edge  the  double  grid  notation  for  n • 0 destroys  the  trldlagonal  system.  However, 
ahead  of  the  leading  edge,  and  behind  the  trailing  edge,  1-  T;  thus  the  difference 

equations  can  be  reordered  to  give  a trldlagonal  system.  On  the  airfoil  surface,  the  matrix  equations 
above  and  below  the  airfoil  are  decoupled;  they  can  either  be  solved  separately  or  simultaneously  by  pack- 
ing the  matrix  equations  together. 


Again,  analogous  but  somewhat  simpler  equations  and  procedures  are  used  for  the  tlme-llnearlzed  calcu- 
lations. In  these  calculations  the  type  dependent  operator,  D_,  changes  at  the  steady  state  sonic  line 
and  shockwave.  The  coefficient,  f((,n)>  that  appears  In  (8)'ln  the  form  {f(C,ri)^r)E  depends  on  the 
steady  state  results  4*((,n)  and  must  be  stored.  On  the  other  hand,  the  matrices  used  do  not  depend  on 
the  solution  Y and,  consequently,  need  only  be  Inverted  once.  In  Its  present  form  our  algorithm  does 
not  take  advantage  of  this  feature. 

3.3  Shock  Fitting 

We  start  the  unsteady  nonlinear  flow  calculations  by  using  an  ADI  scheme.  When  the  local  flow  be- 
comes sonic  and  compressive,  we  Introduce  the  shock-fitting  algorithm  described  in  detail  In  Reference  21. 
Sonic,  compressive  points  are  treated  as  shock  points  where  differentiation  In  t and  ( across  dis- 
continuities Is  avoided.  Initially,  the  shock  has  zero  strength  and  Is  stationary.  The  flow  properties 
ahead  of  and  behind  the  shock  can  be  easily  extrapolated  from  neighboring  points.  The  shock  wave  can 
either  Increase  or  decrease  In  strength  during  the  unsteady  process.  This  results  In  three  possibilities 
for  shock  motion  that  have  to  be  considered  separately  In  the  fitting  procedure:  The  shock  moves  upstream 
and  crosses  grid  points;  the  shock  remains  stationary  or  moves  within  a grid  spacing;  the  shock  moves 
downstream  and  crosses  grid  points.  At  each  new  time  level  the  shock  position  Is  determined  by  applying 
(10).  The  formulations  of  the  difference  approximations  for  each  case  are  quite  similar. 

For  tlme-llnearlzed  calculations  the  solution  Is  advanced  In  time  using  the  tlme-llnearlzed  analogues 
of  (16)  coupled  with  (12)  in  the  form 


l^r  - -C(n)4tY"  + W"; 


- -C(n)Ati^^  ♦ lYl'*’. 


+ 12  2 

— a^(l  - |(*|)  lY^((*,n)l,  and  (*  denotes  the  steady  state  position  of  the  shock  wave. 
This  procedure  corrects  the  Y values  for  shock  motions  as  the  solution  progresses.  The  shock  motion  is 


easily  detenalned  simultaneously  by  using  (11)  and  (12)  in  the  form 


x"'^^(0.t)  - -^♦(x•,0,t)|"■^V^♦^(x•.0)|. 


Further  details  are  given  in  Reference  10, 

4.  RESULTS  AND  DISCUSSION 

Both  the  nonlinear  and  time-linearized  algorithms  have  been  used  to  compute  the  flow  past  an  NACA 
64A006  airfoil  subjected  to  Indlclal,  i.e.,  step,  changes  and  harmonic  motions  in  pitch  and  flap  oscilla- 
tion. The  latter  calculations  have  Included  a range  of  Mach  numbers,  amplitudes  for  the  nonlinear 
algorithm,  and  reduced  frequencies  for  the  harmonic  changes.  The  nonlinear  algorithm  has  also  been  used 
to  compute  the  flow  past  a pulsating  parabolic  arc  airfoil.  In  this  latter  flow,  at  M,,  ■ 0.85,  as  the 
airfoil  thickens  a shock  wave  forms  and  moves  downstream  until  shortly  after  mid-cycle.  As  the  airfoil 
thins,  the  shock  wave  moves  upstream  with  increasing  speed,  eventually  leaving  the  airfoil.  A comparison 
of  the  results,  with  and  without  shock  fitting  (21),  indicates  that  shock  fitting  predicts  the  formation 
of  the  shock  wave  more  accurately.  It  also  properly  defines  the  shock  wave  when  it  becomes  "subsonic- 
subsonic”  in  the  fixed  grid  system.  The  shock  wave  decays  slowly  as  it  propagates  into  the  free  stream 
after  passing  the  location  of  the  leading  edge  when  the  airfoil's  thickness  has  Just  become  zero. 

4.1  NACA  64A006  Airfoil.  Nonlinear  Calculations 

Steady  state  solutions  were  computed  as  discussed  in  Section  2.1  for  an  NACA  64A006  airfoil  for 
various  values  of  the  freestream  Mach  number  by  using  the  ADI  scheme  with  shock  fitting  outlined  in 
Section  3.  The  free  stream  Mach  number  was  varied  between  0.8  and  0.9.  The  mesh  system  had  101  by  82 
grid  points  in  the  x-  and  y-directlons  respectively.  About  250  to  450  time  steps  were  required  for  the 
solution  to  converge  | £ lO'**.  These  steady  state  solutions  are  used  as  initial  data  for  the 
nonlinear  and  tlme-llnearlzM  unsteady  flow  calculations. 

Results  were  computed  for  the  airfoil  with  quarter-chord  flap  for  various  values  of  Che  reduced 
frequency,  the  free  stream  Mach  number,  and  the  oscillation  amplitude,  in  order  to  simulate  the  shock 
motions  observed  by  Tljdeman  (5,  6).  These  motions  were  classified  by  him  as:  type  A - small  shock 
oscillation;  type  B - the  shock  becomes  very  v/eak  or  disappears  during  part  of  a cycle;  type  C - the 
shock  leaves  the  airfoil.  Results  for  type  A motions  are  not  given,  as  they  are  easy  to  treat  computa- 
tionally. For  all  cases  studied  it  took  three  Co  six  cycles  for  the  flow  field  to  become  periodic. 
Stability  seems  Co  require  that  the  time  step  be  small  enough  that  At(ln  degrees)/K  < 10. 

Figure  1 illustrates  Che  pressure  coefficients  on  the  airfoil  surface  at  various  times  for  M^  • 0,854, 
K • 0.358  and  { • 1*.  For  these  conditions  Ballhaus  and  Goorjlan  (12)  were  able  to  simulate  type  B 
motion  where  the  shock  disappears  during  some  part  of  the  cycle.  Here  the  shock  does  not  disappear  during 
the  cycle;  rather,  it  becomes  quite  weak  during  a small  portion  of  the  cycle.  This  difference  is  probably 
due  in  pert  to  the  assumption  of  a normal  shock,  which  results  in  a stronger  shock  than  would  normally 
occur,  and  to  the  use  of  shock  fitting,  which  is  able  to  resolve  very  weak  shock  waves. 

Figure  2 depicts  the  pressure  coefficient  on  the  airfoil  surfaces  for  M^  - 0,822,  R • 0.496  and 
6 • 2*,  simulating  type  C shock  sMtlon.  Because  we  have  used  less  spatial  resolution  and  have  not  scaled 
the  equation  and  boundary  conditions  with  various  powers  of  the  Mach  number,  a slightly  larger  deflection 
angle  seems  to  be  needed  in  order  to  generate  the  type  C shock  motion;  that  is,  we  need  a 2*  deflection 
angle  rather  than  the  1.5*  of  Reference  12  to  obtain  analogous  behavior.  In  this  case  the  flow  field  is 
subcrltlcal  during  most  of  the  cycle,  where  the  shock  wave  is  barely  "captured"  in  the  non-shock-flttlng 
procedure.  Curing  the  unsteady  process  the  shock  moves  Coward  the  leading  edge.  However,  the  strong 
singular  behavior  in  pressure  st  Che  leading  edge  prevents  the  shock  from  propagating  off  the  airfoil. 

The  perturbation  velocity  becomes  Isrge  snd  is  negative;  thus,  the  flow  used  to  calculate  the  relative 
velocity  ahead  of  the  shock  can  no  longer  support  a shock  wave.  Normal  shock-fitting  calculations  deter- 
mine the  shock  speed  from  the  pressure  jump  across  the  ihock  st  the  airfoil  surface.  This  eliminates  the 
possibility  that  a portion  of  the  shock  may  propagate  off  the  leading  edge  in  the  computations.  But  this 
does  not  i^ly  it  cannot  occur;  rather  this  is  a limitation  of  the  normal  shock  fitting. 

Magnus  and  Yoshihara  (15)  have  solved  the  Euler  equations  using  an  explicit  procedure  for  the  condi- 
tions of  Figure  1.  Their  results  are  compared  with  our  calculation  in  Figure  3 for  two  angular  times 
chosen  to  represent  the  least  and  the  largest  discrepancies.  These  discrepancies  are  thought  to  be  mainly 
due  to  the  Inaccuracy  of  the  ssmII  perturbation  solution  near  the  leading  edge.  Small  errors  there  change 
the  size  and  shape  of  the  sonic  line  and  influence  the  shock's  position.  For  the  conditions  considered, 
the  shock  la  nearly  normal  and  the  normal  shock  approximation  should  be  a good  one.  Rather  good  agreement 
is  obtained. 

Additional  nonlinear  calculations  have  been  carried  out  for  M^  • 0.880  and  K • 0.48.  Both  pitching 
and  flap  motions  have  been  calculated  for  Indlclal  and  harmonic  changes.  For  these  conditions  very  small 
unsteady  changes  lead  to  very  small  shock  motions  and  the  shock  wave  remains  between  grid  points.  Because 
of  the  extrapolation  procedure  used  in  the  shock-fitting,  the  ( mesh  distribution  used  here  can  intro- 
duce errors,  albeit  small  ones,  in  the  shock's  position  when  a grid  line  la  crossed.  He  wished  to  elimi- 
nate these  errors  in  order  to  use  the  nonlinear  calculations  to  Judge  the  accuracy  of  time-linearized 
calculations.  These  results  indicate  that  for  pitching  about  mid-chord,  nonlinear,  amplitude  dependent, 
behavior  occurs  for  S/t  ^ 0.1  for  K • 0.48.  Because  the  amplitude  of  the  shock  motions  increases  with 
decreasing  K,  nonlinear  effects  occur  at  smaller  values  of  6/\  at  lower  reduced  frequencies. 

Indlclal  motions  require  about  eight  hundred  time  steps  of  varying  size  to  resolve  the  response.  For 
harmonic  motions,  initiated  from  rest,  three  to  ten  cycles  are  required  for  the  solution  to  becoam  har- 
monic, with  large  values  of  K and  M^  requiring  more  cycles.  The  pitching  mode  requires  more  cycles 
than  the  flap  node.  The  amplitude  of  the  positive  and  negative  phases  of  the  motion  could  be  varied  from 
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cycl*  to  cycl*  to  reduce  the  nunber  of  cycles  required.  Each  cycle  requires  60  to  180  tlae  steps  to  com- 
pute, with  more  steps  required  for  smaller  values  of  K.  Each  time  step  takes  about  5 seconds  of  CPU 
time  on  a CDC  6400,  or  about  0.2S  seconds  of  CPU  time  on  a CDC  7600. 

4.2  HACA  64A006  Airfoil.  Tlme-Llneatlted  Calculations 

Time-linearized  results  have  been  computed  for  an  HACA  64A006  airfoil  experiencing  harmonic  and 
Indlclal  pitching  and  flap  motions.  As  noted  earlier.  In  the  low  frequency  approximation  made  here 
pitching  and  plunging  motions  lead  to  the  same  result  except  that  the  tlme-llnearlzed  perturbations  are 
proportional  to  the  maximum  pitch  angle  for  the  former,  and  K times  'the  maximum  amplitude  for  the  lat- 
ter. Harmonic  owtlons  Initiated  from  a steady  state  become  nearly  periodic  In  three  to  ten  cycles,  with 
the  changes  Induced  by  flap  oscillations  becoming  periodic  more  rapidly  than  those  resulting  from  pitch- 
ing oscillations.  Hore  cycles  were  required  for  larger  reduced  frequencies  and,  to  a lesser  degree, 
higher  Mach  numbers. 

In  ordsr  to  confirm  the  validity  of  the  tlme-llnearlzed  calculations,  both  the  tlme-llnearlzed  and 
nonlinear  algorlthsw  were  used  to  compute  the  response  to  a step  change  In  angle  of  attack  and  the  har- 
monic response  to  pitching  motions.  Figure  4 compares  the  nonlinear  and  tlme-llnearlzed  results  for  the 
normalized  circulation  and  shock  position  for  harmonic  pitching  motions  at  • 0.88  and  K ■ 0.48. 
Results  are  given  for  the  fifth  cycle;  note  that  the  nonlinear  results  are  not  yet  periodic.  Figure  5 
compares  the  nonlinear  and  tlme-llnearlzed  pressure  deviation  from  steady  state  at  six  angular  times  for 
the  same  conditions.  Good  agreement  between  the  results  Is  obtained  for  S/t  less  than  0.1. 

I Tlme-llnearlzed  pressure  distributions  at  six  angular  positions  for  an  oscillating  quarter-chord 

flap  with  K ■ 0.06  and  H - 0.875  are  shown  In  Figure  6.  The  flap  deflection  Is  downward  during  the 
first  half  of  the  cycle.  Tfie  results  for  the  second  half  of  the  period,  for  the  syazetrlcal  problem 
shown  here,  are  Just  the  results  shown  with  the  lower  and  upper  surface  pressures  Interchanged.  Thus 
the  results  for  0*  are  not  given  as  they  are  just  those  for  180'  with  the  lower  and  upper  surface  pres- 
sures reversed.  Because  the  flap  hinge  occurs  very  close  to  the  steady  state  shock  location,  the 
pressure  singularity  due  to  the  change  In  flow  direction  at  the  hinge  Is  missed.  The  circulation  and 
I shock  excursion  obey  the  following  relations; 


r(t)/«  - 9.26  sin  (t  - 59'),  I 

X(t)  - 12  sin  (t  - 51').  i 

i 

Note  the  substantial  phase  lag  In  the  circulation  and  the  shock's  position.  J 

Tlme-llnearlzed  pressure  distributions  at  six  angular  positions  for  an  oscillating  airfoil  with 
K • 0.12  and  M_  - 0.875  are  depleted  In  Figure  7.  If  these  results  are  multiplied  by  K,  then  they 
repreaent  the  pressure  perturbations  for  a plunging  airfoil.  As  in  the  previous  case  of  an  oscillating 
flap,  changes  in  forces  and  moments  of  0(6/K)  occur  due  to  shock  wave  motion.  In  this  case 


r(t)/6  - 5.48  sin  (t  - 70'), 
X(t)  - 5.62  sin  (t  - 87'). 


Analogous  computations  have  been  carried  out  for  K • 0.12,  0.24,  0.36,  and  0.48.  Figure  8 depicts 
the  shock  wave's  excursion  and  maximum  circulation  as  a function  of  K~*.  The  nearly  linear  variation  of 
the  shock  excursion  substantiates  an  observation  made  In  a one-dlmenslonal  model  where  the  shock  wave 
excursion  Is  directly  proportional  to  1/K  (see  Reference  10). 

In  these  calculations  the  circulation  gives  an  immediate  evaluation  of  the  lift  coefficient  as  a 
function  of  time;  the  moment  coefficient  must  be  evaluated  by  Integrating  the  moment  of  the  pressure 
coefficient.  This  Is  done  by  Integrating  the  moment  of  pressure  perturbations  with  the  shock  wave  In  Its 
steady-state  position  and  then  correcting  these  results  for  the  moment  due  to  the  shock  wave  motion, 
assuming  that  the  shock's  strength  Is  defined  by  the  steady-state  pressure  field.  This  makes  an  error  In 
the  shock  strength  of  0(6),  but  the  effect  on  the  moment  Is  0(6^/K);  because  we  have  neglected  other 
higher-order  terms  It  Is  consistent  to  neglect  this  change  In  the  strength  of  the  shock  wave. 

Figure  9 depicts  the  absolute  value  and  phase  angle  of  the  normalized  lift  and  moment  coefficients, 
as  a function  of  the  Inverse  reduced  frequency  K~*,  for  harmonic  flap  and  pitching  motions  at  ■ 0.875. 

The  tlme-llnearlzed  algorithm  used  here  Is  a derivative  of  that  used  for  the  nonlineer  calculations. 
Consequently,  computational  times  are  not  greatly  reduced  from  those  required  for  the  nonlinear  calcula- 
tions. The  linearity  of  these  computations  may  make  It  possible  to  greatly  reduce  the  computational 
effort  required.  A local  stability  analysis  shows  that  the  computations  should  be  unconditionally  stable, 
but  numerical  experience  has  shown  some  difficulties  for  At(ln  degrees)/K  ^ 50.  Each  time  step  requires 
about  two  seconds  of  CPU  time  on  a CDC  6400,  or  about  0.1  seconds  on  a CDC  7600.  The  number  of  time  steps 
required  for  a given  computation  is  somewhat  leas  than  those  required  for  the  nonlinear  computations  at 
small  values  of  K,  and  coaq>arable  at  larger  values  of  K. 

5.  COHCLUSIOM 

Efficient  and  accurate  methods  for  computing  low  frequency,  unsteady  behavior  In  transonic  flows  have 
bean  developed.  They  utilize  the  ADI  procedure  developed  at  NASA  Ames  for  the  small  perturbation  equa- 
tion, b*it  treat  shock  waves  as  discontinuities.  The  tlme-llnearlzed  calculations  allow  shock  wave  motions, 
which  are  shown  to  be  0(6/K)  and  often  dominate  changes  In  the  force  and  moment  coefficients.  Comparison 
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of  the  tl>e-llneerlze<i  results  with  fully  nonlinear  calculations  delineates  their  range  of  applicability. 

The  unsteady  behavior  due  to  hamonlc  pitching  and  flap  oscillations  of  an  NACA  64A006  airfoil  Is 

discussed. 
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FIGOSE  6.  nME-LIMEAXIZED  PRESSURE  COEPFICIEHTS  OH  THE  UPPER  (-f)  AND  LOWER  (*)  SURFACES  OF  AN  NACA  6AA006  AIRFOIL  WITH  OSCILLATING  QUARTER-CHORD  FLAP 


TIME:  60*  TIME:  90 


riCnSE  7.  TIME-LIHEAKIZED  PRESSURE  COEFPICIEHTS  ON  THE  UPPER  (+)  AND  LOWER  SURFACES  OF  AN  NACA  64A006  AIRFOIL  OSCILLATING  IN  PITCH  («  - 1/4*). M - 0.875,  K • 0.12 


FIGURE  8.  HORMALIZED  MAXIMUM  SHOCK  EXCURSION  AND 
CIRCULATION  AS  A FUNCTION  OF  INVERSE 
REDUCED  FREQUENCY  FOR  AN  NACA  64A006 
AIRFOIL  WITH  OSCILLATING  QUARTER-CHORD 
FLAP.  - 0.875. 
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TOWARDS  A MIXED  KERNEL  FUNCTION  APPROACH  FOR  UNSTEADY  TRANSONIC  FLOW  ANALYSIS 
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SUWIARY 

A new  formulation  In  adopting  multikernel  functlona,  according  to  the  mixed-flow  structure,  for  three- 
dimensional  analyses  of  the  oscillatory  transonic  flow  problems  Is  proposed.  It  Is  aiming  at  a unified 
approach  that  would  bridge  the  previous  subsonic  and  supersonic  lifting-surface  methods  through  the  regime 
of  linearized  transonic  flow.  The  present  analysis  attaints  to  Include  the  effect  of  the  transonic  shock 
wave;  a mildly  oscillatory  shock-jump  condition  Is  derived  and  Its  compatible  boundary  condition  considered. 
The  only  provision  of  the  present  approach  Is  that  the  nonlinear  mean-flow  distribution  must  be  supplied 
by  other  experimental  or  theoretical  means. 

The  question  of  the  Transonic  Acceleration-Potential  Equation  suitable  for  the  present  kernel-function 
formulation  Is  first  examined.  Based  on  the  concept  of  local  linearization,  unsteady  wave  patterns  are 
derived  to  Illustrate  the  present  model.  The  same  concept  Is  then  applied  for  obtaining  various  kernel 
functions.  Contour  Integration  and  frequency-perturbation  techniques  are  suggested  for  evaluation  of  these 
functions.  The  proposed  schema  for  paneling  of  the  wing  Is  outlined  and  preliminary  computed  results 
are  presented  only  for  the  linearized  subsonic  and  supersonic  cases.  Finally,  assessments  of  the  present 
approach  and  other  transonic  kernel  function  methods  are  given. 


Nomenclature 


(x,y,t) 

u 

t 

T 

k 

b) 

Of 

» 

a 


nondlmenslonal  carterlan  coordinates,  normalized  by  the  true  chord  length  L 
frees tream  velocity 
tL/U  nondlmenslonal  time 
true  time 

uL/U,  reduced  frequency 
true  angular  frequency  of  pitch 
angle  of  pitch  of  main  wing 
angle  of  pitch  of  flaps 

time-dependent  small-dlsturbance  velocity  potential  normalized  by  (UL)~^ 

magnitude  and  phase  angle  of  the  wing  lift  due  to  an  oaclllatory  flap  (sec  Reference  42  for 
definition 


1.  INTRODUCTION 


The  conventional  engineering  tool  for  handling  the  unsteady  aerodynamic  problems  of  an  aeroelastlc 
system  has  been  the  lifting  surface  method,  also  known  as  the  kernel  function  method  [1].  The  advantage 
of  using  such  a method  Is  clear  In  that  both  the  edge  and  the  wake  conditions  can  be  abaorbed  Into  the 
Integral  formulation  once  and  for  all  and  the  flexibility  In  incorporating  various  modes  or  flap  motlona 
Into  the  flutter  calculation  scheme  has  been  evidenced  by  numerous  works  in  the  past  [2].  However,  this 
method  la  largely  restricted  to  the  purely  subsonic  and  supersonic  flow  cases  where  the  perturbed  veloc- 
ity potential  equation  la  a purely  linearized  one. 

Generally,  the  lifting  and  unsteady  problems  In  the  Invlscld  transonic  regime  la  a nonlinear  one  (e.g., 
[3] , [4]), which  usually  complicates  the  flow  field  by  the  movements  of  moving  shock  waves  on  the  wing  plan- 
form  [5j.  In  this  case.  It  seems  that  one  must  resort  to  the  current  coeqiutatlonal  methods  for  accurate 
flow  field  detalla  (e.g.,  [6,73).  But  for  aeroelastlc  considerations  such  as  transonic  flutter  prediction. 
It  may  be  sufficient  to  assume  that  the  wing  performs  small  amplitude  oscillation  as  this  assumption  la 
compatible  with  one  on  which  the  equation  of  motion  Is  based.  Thus,  an  unsteady  linearized  transonic 
equation  can  be  derived  as  a result  of  the  small  amplitude  perturbation  [8].  Cmsequently,  the  main  posi- 
tion of  the  shock  wave  la  essentially  fixed.  Let  the  time-dependent  small-dlsturbance  velocity  potential 
be  n(x,y,z,t)  and  It  can  be  split  Into  two  parts,  l.e., 

Ikfc 

n - 4(x,y,z)  + q)(x,y,z)e 

where  4 represents  the  steady  mean  flow  potential,  9 the  oscillatory  flow  potential  and  k la  the  reduced 
frequency  of  the  oscillatory  motion.  Apart  from  a few  exceptional  wing  planform  configurations,  and  cer- 
tain flow  conditions^,  the  approximate  governing  equation  for  oaclllatory  flow  can  be  written  as 

09  - ''.(♦x'Px^x 


tMore  terms  should  be  edded  to  Equation  (1)  In  the  cese  of  e sweepback,  large  aspect  ratio  wing  (e.g., 
C-141  wing)  and  also  when  the  flow  field  is  In  the  proximity  of  a transonic  shock  wave. 
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ioT  9y  oz 
dx 

(y  + 

of  the  gaz.  The  mean  flow  potential  ^ now  assumes  Its  value  at  the  mean 


Equation  (1)  Is  a plausible  equation  insofar  as  the  steady  flow  Is  stable  [9]  and  the  sweep  back  angle 
Is  slight  for  wings  with  large  aspect  ratios  [10].  In  recent  years,  considerable  attempts  were  made  to 
solve  this  equation.  The  approaches  can  be  broadly  divided  into  three  categories  [9],  [11];  1)  seml- 
analytical  methods  for  sonic  or  near  sonic  flows  (e.g.  [8],  [12]  through  [16]);  2)  computation  methods 
by  finite  difference  or  finite  element  schemes  (e.g.,  [17]  through  [22]):  and  3)  kernel-function  type  of 
approach  (e.g.,  [23]  through  [25]).  While  In  Method  1,  almost  all  cases  are  Inapplicable  for  the  super- 
critical flow.  Method  2 continues  to  be  In  the  developing  stage  and  yet  rather  costly  to  operate  partic- 
ularly for  the  tnree-dlmenslonal  calculation.  On  the  other  hand,  there  is  Indeed  an  Increasing  demand 
for  an  Improved  flutter  prediction  scheme  suitable  for  Industrial  practice  In  the  transonic  regime.  There- 
fore, we  conceive  that  If  an  Improved  kernel  function  method  can  be  formulated  In  such  a way  that  the 
mixed  flow  nature  and  the  shock  condition  can  be  properly  patched  Into  the  formulated  scheme,  then  It  would 
still  be  the  most  attractive  for  Industrial  application.  It  Is  so  at  least  In  the  forseeable  future.  Sim- 
ilar assessment  was  given  In  La.idahl's  and  Tljdeman's  recent  review  articles  [9],  [26].  Subsequently,  we 
found  that  It  Is  possible  to  formulate  a more  general  kernel  function  scheme  on  a more  fundamental  basis 
than  those  of  previous  attempts  [23,26]. 

Hence,  the  purpose  ot  this  paper  Is  to  present  two  main  Issues  of  the  mixed  kernel  function  formulation, 
First,  we  present  our  current  progress  towards  the  development  of  a proposed  mixed  kernel  function  method 
for  three-dimensional  unsteady  transonic  flow  analysis  [27].  It  Is  aiming  at  a unified  three-dimensional 
approach  that  would  bridge  the  previous  subsonic  and  supersonic  methods  through  the  transonic  regime.  The 
present  analysis  also  Includes  the  oscillatory  Imbedded  shock  wave;  a mildly  unsteady  three-dimensional 
shock  Jump  condition  Is  derived  and  Its  compatible  boundary  condition  considered.  The  only  provision  of 
the  present  approach  Is  that  the  mean  flow  solution  must  be  assumed  known,  a priori,  either  from  exper- 
iment or  from  other  nonlinear  theories.  Secondly,  we  present  our  recent  development  of  a constant  pres- 
sure panel  (CPP)  scheme,  which  bears  the  unified  feature  for  both  unsteady  purely  subsonic  and  purely 
supersonic  flows  [62].  Emphasis  will  be  placed  on  subjects  that  are  of  primary  Importance  for  our  future 
development  of  the  mixed  kernel  function  method,  1)  the  transonic  receding  wave  effects  due  to  various 
approximate  models,  2)  the  evaluation  of  kernel  functions  according  to  the  parabolic  approximation,  and 
3)  the  calculation  of  unsteady  loads  in  purely  subsonic  and  supersonic  flow  by  CPP  method, 

2.  THANSOHIC  ACCELERATION  POTENTIAL  EQUATION 
2.1  The  Acceleration  Potential 

For  purely  subsonic  and  supersonic  flow,  the  kernel  function  formulation  Is  conveniently  realized  by 
the  utilization  of  the  linearized  pressure,  known  as  the  acceleration  potential,  as  a single  dependent 
variable  In  the  formulation.  Consequently,  the  acceleration  potential  satisfies  the  same  equation  as  the 
disturbance  velocity  potential  equation  In  the  pure  linearized  theory.  For  the  linearized  transonic  flow, 
this  is  however  not  the  case,  because  the  equation  (Eq.  (1))  contains  variant  coefficients  due  to  the  mean 
flow  Influence.  Ttao  related  questions  then  arise.  First,  the  question  of  a valid  transonic  acceleration 
potential  has  not  bean  resolved  in  the  past  [69].  An  approximate  linearized  transonic  pressure  expression 
based  on  a one-dlmenslonal  mean  flow  has  been  given  recently  by  H.C.  Gamer  [25]  and  further  discussed  by 
Dowell  [28].  The  latter  author  has  shown  that  at  least  for  a slowly  accelarated  flow  the  pressure 
correction  due  to  tha  nonunlfora  mean  flow  Is  not  severely  different  from  tha  purely  linearized  pressure. 
Hence,  before  a rigorous  three-dimensional  transonic  acceleration  potential  can  be  established  and  for 
sliiq>llelty  of  the  present  analysis.  It  Is  assumed  that  the  acceleration  potential  used  for  the  subsequent 
development  is  defined  in  the  usual  sense,  l.e.. 


where 


( )_  - 


and  Y is  the  specific  heat  ratio 
flow  surface  z • 0. 


♦ = A'lp  (2a) 

A*  - + Ik  (2b) 

However,  we  have  to  keep  In  mind  that  such  an  assumption  may  be  applicable  to  the  most  part  of  the  airfoil 
but  caution  must  be  taken  In  the  neighborhood  of  the  shock  wave  where  the  nonlinearity  predominates.  We 
shall  come  back  to  this  point  in  a later  stage.  Secondly,  there  exists  the  question  of  a valid  transonic 
acceleration  potential  equation,  which  will  be  discussed  In  this  following  paragraphs. 

2.2  Transonic  Acceleration  Potential  Equation 

Applying  operator  A.(Eq.  2b))  to  Eq.  (la)  and  making  use  of  Eq.  (2a)  results 


where  ♦ • A-9 

Clearly,  Eq.  (3a)  contains  two  known  variant  coefficients  6^  and  t and  it  also  consists  of  two  dependent 
variables,  f and  :p.  Nevertheless,  the  latter  two  are  related  by  Iq.  (2a).  Following  the  line  of 
KUssner  [29],  Richardson  [30],  Watkins,  et  al,  [31],  Landahl  [36],  the  integral  relation  between  ^ and  q> 
reads 
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where 


e^'^dX 


![•]  - [•] 

■ f [•]  e^-^^dX 


for  subsonic  flow 


for  supersonic  flow 


(4s) 

(4b) 

(4c) 


where  B • - 1)  end  r - v/y®  + s® 

Therefore,  without  loss  of  genersllty,  we  can  now  recast  Eq.  (3a)  Into  an  Integro-dlfferentlal  equation 
for  t alona,  l.a.. 


V [(♦  t ) + ♦ (♦  - iM)  + ♦ ♦]  ■ -Ik''  »(♦ + ) 

X X ’x  ' XX  “ XXX  ^x 


(5) 


where  on  the  right-hand  side  (RHS)  can  be  expressed  In  terms  of  t In  an  Integral  form  (Eq.  (4a)l, 
Although  It  Is  difficult  to  solve  Eq.  (5)  as  Is,  It  Is  possible  to  seek  approximate  solutions  of  It  at 
least  In  the  lower  frequency  range  (l.e.,  0 < k < 1).  If  we  assume  that  the  mean  flow  Is  accelerated  at  a 
fairly  slow  rate  such  that  4 ~ 0(k”),  and  all  the  third  order  terms  in  k are  negligible,  the  Integral 

term  on  the  RHS  of  Eq.  (S)  cSiPH>e  dropped.  The  approximate  form  of  Eq.  (S)  then  becomes 

[(1  - + 4^ -h  4^^  - [2v.4^  + lk(21t»+  H.4^)]4^ 

+ [k*(H.’  - v.4^)  - v_4^]4  . 0(k»)  (6) 

In  passing,  we  note  that  for  higher  order  approximations  of  Eq.  (5),  a frequency  perturbation  scheme 
can  be  formally  formulated.  That  is,  variables  i,  4t  and  (p  In  Eq.  (5)  can  be  expressed  In  terms  of  an 
ascending  asymptotic  - series  of  (Ik),  l.e.. 


n 


N 

E 


(ik)".n^"^ 


(7a) 


where  It  symbolically  represents  any  one  of  i,  4,  and  (p.  Consequently,  substituting  Eq.  (7a)  Into  Eq.  (5) 
yields  a general  recurrance  equation  for  (Ik)",  l.e., 

□4^"^  - [<*xO"^>x  + (♦xx*^"^>x]  ■ j - ♦xxx'p‘"’'^]  - j 

where  n - 0,  1,  2... 

In  this  way,  the  Integral  term  Ignored  In  Eq.  (5)  can  be  recovered  Iteratively  by  the  above  successive 
approximation. 

In  the  subsequent  development,  we  will  however  restrict  our  attention  to  Eq.  (6),  keeping  In  mind 
that  the  solution  of  It  Is  only  accurate  up  to0(k^). 

2.3  Comparative  Study  of  Different  Approaches 
Eq.  (6)  can  be  written  in  a compact  form  as 


^“’♦xx+  ♦yy  + + A4^  + B4 


(8a) 


where 


Bo“-  (I  - itj  - X) 

A - -2r  - lk(2M_®  + X) 

B - k®(H,®  - X)  - o 

parameters  X,  T,  and  a are  steady-mean-flow  coefficients  defined  as 


X ■ V * 


''-♦xx 


and  a 


V 4 
* XXX 


(8b) 


(8c) 


Earlier  methods  [23],  [24]  suggested  to  replace  the  freestream  Mach  Number  M by  a local  Mach  number 
M,  In  the  doublet  lattice  program,  which  have  provided  some  Improved  results.  If  one  Ignores  the  0(4  ^), 
these  earlier  approximations  then  differ  from  Eq.  (8a)  by  a complex  coefficient  (2r  - lkX)ln  A and  a rial 
coefficient  (-2k*X  • a)  In  B.  Clearly,  It  Implies  that  these  methods  have  partially  neglected  the  wave 
damping  mechanism  due  to  the  steady  mean  flow.  On  the  other  hand.  If  one  employs  Eq.  (1)  as  a basic 
equation  for  4>  then  the  differences  from  Eq.  (8a)  are  a complex  coef f Iclent  (T  -f  IkX)  In  A and  a real  coef- 
ficient ^k  X - o)  In  B.  Again,  a part  of  the  wave  damping  mechanism  was  absent. 
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3.  UHSTBADY  WAVE  PATTERNS 

3. 1  Parabolic  Aoproxluatlon 

To  fuTthac  aluctdate  the  wave  damping  (or  amplification)  mechanism  due  to  the  steady  mean  flow 
Influence,  we  must  retrieve  the  general  time  dependent  form  of  Eq.  (1),  l.e., 


B. 


+ $ 
yy  »* 


tt 


rO. 


+ \<0 
X ^xx 


(9) 


where 


9 “ 


Moreover,  In  order  to  simplify  the  analysis  effectively,  we  now  make  use  of  the  parabolic  approximation, 
l.e.,  setting  T and  X as  constants.  This  approximation  has  been  extensively  employed  first  by  Telpel  and 
Hosakawa  (p.4S9  and  p.  184,  [34l)  and  later  by  Liu,  et  al.,  [32^  for  slender  bodies  analysis  and  Kimble, 
et  al.,  [12']  for  slender  wing  analysis.  More  recently,  Stahara  and  Sprelter  [14],  [32]  have  extended  the 
method  based  on  Sprelter' s local  linearization  concept;  Dowell  [16]  has  also  devloped  a simplified  method 
that  accounts  for  a higher-order  approximation  In  a systematic  manner.  In  the  latter  two  methods,  it  is 
however,  necessary  to  consider  the  parabolic-approximation  solutions  as  fundamental  solutions.  From  a 
mathematical  viewpoint,  the  parabolic  approximation  only  provides  simplified  equations  In  a different  tran- 
sonic flow  regime  but  from  which  exact  solutions  can  be  found  Insofar  as  the  parameters  T and  ^ can  be 
justified  as  constants  at  this  stage.  Putting  X ■ 0,  one  returns  to  the  original  parabolic  approximation 
assumption  by  Oswatltsch  and  Maeder  that  the  flow  model  must  be  restricted  to  cases  where  only  slow 

of  the  steady  mean  flow  velocity  components  are  admissible.  On  the  other  hand,  retaining  both 
constants,  one  would  Imply  either  Dowell's  first-order  equation  In  which  T and  X are  coefficients  for  a 
aeries  representation  of  a steady  flow  distribution,  or  a basic  step  toward  the  application  of  the  local 
linearization  concept. 

3.2  Onj;;£lm«islonal_Acoustlc_Dlsturbanc;M 

Let  us  first  consider  the  one-dlmenslonal  cases  of  Eq.  (9)  based  on  the  parabolic  approximation.  In 
the  subsonic  uniform  stream,  a unit  oscillating  source  solution  placed  at  x « S simply  takes  the  forms 


- exp 

1 Ikt  + (o  - /x)  x| 

for  X > 5 

(lOa) 

A- 

9 ■ exp 

1 Ikt  + (a  + A)  X ( 

(lOb) 

for  X < 5 

where  ( )'''  Indicates  the  advancing  wave  and  ( )*  indicates  the  receding  wave;  the  parameters  a and  /x  are 


r + 21kH»’ 
2&0® 


(10c) 


X 


I*/4  - k’Mj*  + lkM_®r 
Bo* 


(lOd) 


If  one  Is  allowed  In  use  the  simplified  representation  for  pressure  In  the  transonic  regime,  the  solu- 
tions (10a)  and  (10b)  can  be  considered  as  acoustic  dlsturbanceswlth  transonic  mean  flow,  satisfying  the 
approximate  Eq.  (9).  It  can  be  shown  that  these  pressure  waves  Indeed  contain  variable  amplitudes  [27]. 
Consequently,  both  waves  can  be  attenuated,  or  amplified,  depending  on  the  mean  flow  parameters  such  as 
r.  Bo  • ^ and  the  pulsating  frequency  k.  For  example,  the  advancing  wave  grows  in  amplitude  If  T > 2kHa 
whereas  constant  anplltude  results  for  both  waves  when  T is  put  to  zero. 


The  one-dimensional  wave  patterns  are  sketched  In  Figure  1.  It  Is  clear  that  leaving  out  the  Ftp  term 
In  Eq.  (9)  amounts  to  removing  the  damping  mechanism  (case  1),  Replacing  the  freestream  M»ich  number  by  the 
local  Mach  number  amounts  to  changing  the  local  slope  of  the  characteristics,  hence  the  phase  angle  (case  2). 

3.3  Three-Dimensional  Unit  Source 


Next,  consider  a unit  oscillatory  source  located  at  x - which  Is  placed  In  a three-dimensional  sub- 
sonic/ transonic  mean  flow.  Using  the  parabolic  approximation,  the  source  solution  can  be  obtained  Imne- 
dlately,  l.e.. 


^ ^ * •'X  *)|  (11) 

where  a • ot/(lk) 

/X  “ /x/(lk) 

»-[**  + Bo*  (A**)]** 

For  a large  value  of  X such  that  1^  » Bo*  (y*+z*),  the  following  asymptotic  wave  solutions  can  be  derived 
from  Eq.  (11),  l.e., 

K*  " 4^  [tT|  * + (S»/^X]j 


(12) 
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tihere  ( ) represents  the  advancing  wave  (l.e.,  X > 0)  and  ( ) rj^rea^ts  the  receding  wave  (i.e.,  X < 0). 
When  r and  X approach  tero,  * - /x  becomes  -M^(l  + whereas  a + /x  becomes  M^(l  - , as  expected. 

Hence  Equations  (12)  generalize  the  purely  subsonic  solution  given  previously  by  Landahl  (p.  12  [8]). 

Having  obtained  the  wave  solutions  (12),  we  can  conduct  a series  of  testing  cases  for  comparison  of  var- 
ious models  based  on  different  degrees  of  approximations.  As  the  advancing  waves  possess  speed  of  order 
0 ( -I-  Nl)^  they  usually  smoothly  decay  while  being  carried  downstream  by  the  mean  flow;  hence,  they  are 

of  little  concern.  By  contrast,  special  attention  should  be  emphasized  on  the  receding  waves,  as  they 
propagate  upstream  with  speed  of  a(ML  - IVHl).  In  many  Instances  It  Is  the  receding  wave  portion  that 
alters  drastically  the  unsteady  pressure  distributions.  For  further  discussion  of  the  characteristics  of 
these  waves,  we  refer  to  Landahl's  book  [8]. 

From  Figures  2a  through  2d,  the  mean  flow  model  is  based  on  a linear  accelerated  flow  In  the  local 
Mach  number  (p.  428  [9^),  l.e.. 


Case  A:  - 0.95  + 0.05X 

Case  B:  . 0.9  + O.IX 

Figure  2a  confirms  the  findings  of  the  one-dimensional  wave  study.  It  is  seen  that  letting  F • 0 (but  with 
X • X(x))  Indeed  lessens  the  damping  effect,  whereas  whether  letting  X • 0 or  not  but  with  F - F(x) 
makes  essentially  little  difference  to  the  wave  velocities.  Landahl's  solution  by  asymptotic  expansion 
seems  to  give  shorter  waves  and  less  damping  than  the  present  approach.  Figure  2b  shows  that  In  Case  B, 
a more  rapid  acceleration  damps  out  the  oscillatory  wave  quickly  and  it  brings  the  present  result  closer  to 
that  given  by  Landahl.  However,  there  still  exists  a difference  In  the  phase  angle.  Figure  2c  presents  some 
trivial  cases  with  frequency  variations,  however,  it  is  interesting  to  see  that  the  Case  A acceleration  with 
k - 0.5  amounts  to  nearly  the  same  effect  for  the  Case  B acceleration  at  higher  frequency  k > 1 (see  Fig,  2b). 
Figure  2d  presents  that  all  approximations  (Cases  1,  ^ and  3)  make  little  change  In  the  wave  velocity  for  a more 
rapidly  acceleratad  mean  flow  (Casa  B),  Hence,  the  lesson  learned  from  these  wave  pattemstudies  is  that 
the  F term  is  definitely  a more  significant  one  for  t*'e  approximate  transonic  equation  under  consideration, 
whereas  the  additional  Inclusion  of  the  X-term  shows  comparatively  less  Influence,  Furthermore,  there  is 
also  little  difference  between  cases  where  F Is  being  a constant  or  presumed  to  be  a local  variable  in  these 
wave  patterns.  This  probably  explains  the  reason  for  the  close  agreement  between  recent  studies  by  the  par- 
abolic approximation  [32^  and  by  the  local  linearization  procedure  [33]  for  axlsyinnetric  unsteady  transonic 
flow  analyses. 

4.  TRAMSONIC  KERNEL  FUHCTIONS 

In  this  section,  we  shall  formulate  three  types  of  kernel  functions  according  to  Eq.  (8),  In  which 
all  the  mean  flow  quantities  are  set  to  be  constants  for  the  time  being.  In  this  way,  the  basic  solutions 
that  are  required  in  the  kernel  functions  can  then  be  obtained  In  closed  forms.  The  classical  kernel 
function  approach  can  now  be  generalized  to  a multikernel  formulation,  l.e,, 

V’<o.V,z)d^je- 

Where  X and  Y are  the  relative  distance  between  the  sending  point  (§»n^0)  and  the  receiving  point  (x^y^O) 

The  subscript  m « 0,1,2,  corresponds  to  the  case  of  sonic,  supersonic  and  subsonic  flow,  respectively. 

The  elementary  solutions  should  satisfy  Eq.  (8)  in  each  case. 

4»,l  General  Basic  Solutions 


Based  on  Eq.  (8),  three  elementary  solutions,  which  have  been  previously  derived  by  Hosokawa  and 
Hiyoshi  [343,  adopted  later  by  Liu,  Platzer  and  Kuo  [32^,  and  by  Stahara  and  Spreiter  [33],  can  be  written 
as 


• Sonic  Flow  (M  “ 1.0)* 

- AoX-h^ 
0 


X <0 


(14a) 


a Transonic/Supersonic  Flow  (M  2 1.0)* 


♦l 


coshC/ToR)e 

R 


0 


, X <1  e ! r 


(14b) 


• Transonlc/Subsonlc  Flow  (M  ^ 1.0)* 


'A,X  -t-  AgR 


for  all  X 


-(A®  - 4eo*B)^'*/2Bo* 


R - (X®  + ; r - (Y®  + z®)^' 


X « X - 5 and  Y - y - I) 


It  should  be  clarified  that  the  Mach  numbers  In  the  brackets  ( )*  could  be  defined  either  as  the  free- 
stream  Mach  number  or  the  local  Mach  number.  When  one  applies  the  parabolic  approximation,  M b c anes  M_  and  as 
only  one  type  of  these  basic  solutions  will  be  used  throughout  the  kernel  function  procedure.  It  Is  a much 
simplified  procedure.  Otherwise,  for  later  application  of  the  local  linearization  procedure,  M becomes 
1%,,  all  of  these  basic  solutions  will  be  used  for  a mixed  kernel  function  procedure  (see  Section  6).  In 
the  latter  case,  che  basic  solutions  above  should  be  named  as  locally-sonlc  flow,  local ly-supersonlc 
flow,  and  locally-subsonic  flow  for  Eq&  (14a},  (14b),  and  (14c),  respectively.  It  Is  apparent  that  when 
r - X a cr  - 0 the  above  basic  solutions,  hence  the  kernel  functions  Eq.  (13),  reduce  to  their  purely  sonic, 
supersonic,  and  subsonic  counterparts  in  the  classical  theories  (e.g.,  [31^  and  [35]). 


4.2  Karnel  Function  Evaluation 


To  evaluate  the  kernel  functions  defined  In  Eq.  (13)  Is  a laborious  task.  In  the  past,  the  purely 
subsonic  kernel  function  has  been  carried  out  analytically  to  some  extent  or  numerically  by  numerous 
Investigators.  In  what  follows,  we  will  only  outline  the  evaluation  procedure  of  the  transonic/subsonic 
kernel  function. 


Substituting  Eq.  (14c)  Into  Eq.  (13)  and  after  rearrangement,  we  obtained  the  generalized  subsonic 
kernel  function  as 


>Ce(X,Y,0).  - 


Ud  - ft)®[l  + lAi/k]  and  — ^ 11m  i ^ 


The  above  parameters  reduce  to  the  corresponding  purely  subsonic  expression  as  T,  X,  and  a are  put 
l.e.,  0*  ■ Bb*i  Wo  “ hence  N • M^^.  Following  Rodemlch-Landahl 's  procedure  [36],  Ka  can  be  Int 
by  parts  consecutively  to  yield. 


put  to  zero, 
integrated 


K8(X,Y,0)  - - I Y I 


/Nfe®|  Y I 


' + ikj  IIq 


Ui  /I  + u 


hi-k|Y|  , Ro  - (X®  + 06®Y®)‘'’,  c - .•'><<  >h 


NRo  - X 


Basically,  Eqs.  (16)  appear  to  be  In  the  same  form  as  Rodemlch-Landahl ' s subsonic  expression.  However, 
the  lower  limit  Ui  of  IIq  here  Is  a complex  variable.  This  greatly  complicates  the  matter,  for  the  con- 
venient exponential  substitution  by  Laschka  (e.g.,  see  [37])  would  cease  to  apply. 


Nonetheless,  a numerical  evaluation  scheme  can  be  formulated.  The  Integral  Hq  can  be  recast  and 
split  Into  two  terms,  l.e.,  !!(,  • n,  III, 


Ho  « Ilg  + III, 


(17a) 
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"a  - .r.  = 


"b-L 


a + (T  -h  Ui 


'l  -I-  (t  + Uj  )® 


Now  some  care  must  be  taken  in  order  to  evaluate  these  Integrals  by  the  contour  Integral  technique. 
Both  Integrals  Ilg  and  H),  contain  two  poles,  but  their  positions  can  appear  In  any  quadrant  depending  on 
the  given  flow  conditions  such  as  lb,  F,  \,  a,  and  k.  For  example,  for  the  case  of  Re[ui]  > 0 with  a 
defined  contour  in  the  fourth  quadrant,  Ilg  Is  eventually  equated  to  an  Integral 


^a  ■ ^ r f(p)e''‘’’dp 


which  can  then  be  evaluated  numerically  by  the  Gauss-Laguerre  Quadrature. 

An  alternative  way  of  evaluation  Is  the  hybrid  approximation  method  proposed  In  [27].  We  split  the 
kernel  In  two  parts:  the  near-fleld  kernel  and  the  far-fleld  kernel.  Then  the  near-fleld  part  can  be 
integrated  In  terms  of  an  Infinite  series  In  (Ik^),  whereas  the  far-fleld  part  can  be  Integrated  In  the 
same  manner  as  the  purely  subsonic  kernel,  by  Laschka's  exponential  substitution,  provided  that  Ignoring 
the  F-term  effect  In  the  far-fleld  Integral  can  be  Justified. 

We  refer  to  Reference  27  for  details  In  both  evaluation  methods. 

4.3  Low-Frequency  Kernel  Functions 

Expanding  the  kernel  functions  and  the  acceleration  potential  for  small  reduced  frequency  according 
to  Eqs.  (7), 

K « K *“’  + IkK 
in  m ID 

♦m-  C + 

and  making  use  of  Gq«  (13)  yields  the  following  expressions  for  In-phase  and  out-of-phase  kernel  functions, 

lee*. 


K — I—  r ♦ ‘“’dxo 

m To  bro  J _ m ^ 


^ (i)  „ i 3 


f I-  J ♦<‘’dx6+J  xO°'dx 

ro  OTo  (•’.00  ”>  ■'.OD  “ 


where  x - Xq  - X.  Since  our  main  interest  here  Is  to  derive  the  low  frequency  kernel  functions,  the 
acceleration  potential  fg,  Involved  only  needs  to  satisfy  the  low  frequency  form  of  Eq.  (Sa),  which  amounts 
to  dropping  the  terms  of  O(k^)  In  the  equation.  As  a heuristic  step,  further  simplification  of  Eq.  (8a) 

Is  made  by  resuming  the  parabolic  approximation  In  letting  X • a • 0,  l.e., 

♦xx  V ^♦x  ■ ° 

The  In-phase  and  out-of-phase  acceleration  potential  tg,' can  be  derived  from  expanding  the  given  basic 
solutions,  of  Eqs.  (14),  In  the  small  parameter  of  (Ik)".  Alternatively,  they  can  also  be  obtained  by 
directly  solving  the  frequency  perturbation  scheM  set  up  earlier  in  Eqs.  (7b). 


Next,  the  evaluation  of  K 


requires  Integrations  of  Eqs.  (18).  To  perform  these  inte- 


grations Is,  however,  not  altogether  strSightforward.  Nonetheless,  we  have  sucessfully  obtained  closed- 
form  exact  results  for  these  kernel  functions  In  all  flow  regimes,  Insofar  as  Eq.  (19)  Is  a valid  approx- 
imation. It  should  be  added  that  for  later  Improvement  the  integration  schasws  used  here  remain  essentially 
the  same  for  evaluation  of  the  more  general  kernel  functions  In  which  terms  involving  X and  a are  Included. 
At  any  rate,  all  these  Integration  procedures  appear  to  be  quite  lengthy  and  some  are  rather  laborious. 

For  this  reason,  we  shall  only  present  the  final  expressions  of  these  kernel  functions.  The  detailed  deri- 
vation of  them  will  be  reported  elsewhere  [38]. 

With  some  rearrangements,  the  transonic  kernel  functions  obtained  Kgi‘^’(l  ■ 0,  1)  can  ba  expressed  in 
terms  of  the  classical  kernel  functions  (i  - 0,  1), based  on  purely  linearised  aquations  [31, 3S],  in 

combination  with  various  tabulated  functions,  l.e.. 


J <l)  .7  (1) 


(20b) 


if  < t)  « Ka^  < 1)  /R 
ID  n 


‘ 1’  /R  i - 0,  1 


Fox  sonic  flow  (m  ■ 0) 


f • £ • e 

o *0 


I - 2niEi(-ni) 


-IT)  u 


for  m > o 


For  tronsonic/supersonlc  flow  (m  - 1) 


fj  ■ e^*[coah  p - C’*'  **■**  p1 
gi  - eP^^Ccosh  p - sinh  P/d  - 

>h  - P<1  - f)  {E^[p(C  - 1)1  - Ei[p(C  + 1)1} 


p - and  C - f 


For  transonic /subsonic  flow  (m  ■ 2) 


j f.  - 

I h,  - p(l  - C“)Ei[p(C  - 1)1  JCIs  1 (21c) 

Some  Investigations  on  various  limiting  cases  are  needed.  When  T approaches  zero,  fm  and  g^  become 
unity  and  hm  vanishes,  thus,  all  transonic  kernel  functions  reduce  to  their  classical  counterparts  [311, 

[351  **  Hxy  should  be.  When  M,  approaches  one,  both  transonic/supersonic  and  transonic/subsonic  kernel 
functions,  Eqs.  (21b)  and  (21c),  converge  to  the  sonic  kernel  functions,  Eq.  (21a),  as  expected.  Fur- 
thermore, all  the  transonic  kernel  functions  are  no  more  singular  than  that  appears  In  all  the  classical 
cases. 

, (1) 

In  Figures  3a  and  3b,  it  la  seen  that  the  sonic  kernel  functions  *'rKo  reach  the  classical  limits 
at  11  • 0,  for  all  T values.  This  implies  that  the  only  receiving  point  that  Is  free  from  the  transonic 
thickness  effect  (due  to  T)  Is  located  at  downstream  Infinity.  Figures  4a  and  4b  are  bIfIs  of  supersonic 
kernel  function  Y*k/ Figures  Sa  and  Sb  are  plots  of  subsonic  kernel  functions  It  can  be 

observed  that  for  all  p values,  again  both  types  of  kernel  functions  reach  the  classical  limits  at  c > 1. 
Finally,  we  note  that  in  both  in-phase  cases,  the  plots  are  Implicitly  dependent  on  the  Hach  number,  whereas 
It  Is  not  so  for  the  out-of-phase  cates.  For  sonic  kernel  functions,  the  In-phase  plot  Is  Implicitly 
dependent  on  X,  whereas  again  It  is  not  so  for  the  out-of-phase  plot. 

5.  MIXED  KMIIWL  FUWCTIOM  APPKOACH 

The  formulation  of  tha  kernel  functions  la  aiming  at  solving  the  Integral  equation 

- w(x,y,0i  I\,,k) 


■ ao/Jp(5.Tl)K„(X,Y,0)d?d11 


•6 " - gi; 


This  equation  represents  the  normal  veloclty-prassurs  relation  evaluated  on  the  wing  planform.  With  the 
downwash  given,  the  pressure  function  p((,l|)  la  the  solution  sought.  The  technique  of  pressure  evaluation 
can  be  broadly  classified  aa  the  classical  method  (or  the  pretsure-sa>de  method  e.g.,  [31],  [351,  [391) 
and  the  discrete-element  method  (e.g.,  [401,  C^lL  [921).  fl<*  present  approach,  the  latter  method 

•ppaars  to  be  more  suitable.  The  reason  for  this  and  tha  avaluatlon  procedure  are  described  as  follows. 
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5. 1 Coostant-Pre33ure-P«nel  (CPP)  Method 


Ordinarily  the  preaaure  function  p(^,'n)  Is  sought  In  the  following  form,  l.e., 

N 

p(5,Tl)  - Z b,f,(?,Tl)  (23a) 

J - 1 J J 

In  the  pressure  mode  method,  further  knowledge  of  fj  Is  required,  this  hence  restricts  the  applicability 
In  general.  As  one  type  of  the  discrete  element  methods,  ^e  CPP  method  was  originally  developed  by 
Woodward  [Al]  for  a unified  application  to  the  lifting  subsonic  and  supersonic  flow.  Rodden  [A3l  later 
suggested  the  generalization  to  the  unsteady  flow,  which  led  to  the  subsequent  development  by  Winther  [421 
at  Northrop. 

The  method  simply  replaces  a "sending"  point  on  the  panel  element  by  the  "sending"  panel,  l.e., 

(0  , otherwise  (23b) 

where  subscript  'J*  Is  referred  to  the  location  of  the  sending  panel.  Now  Eq.  (22)  can  be  expressed  In 
the  form  of  a matrix  equation,  l.e.. 


J 


where  for  the  linearized  version  of  D^j,  Kg,  becomes  ■Cm,  l.e., 

“ij  ■ "m^*!  * 5 '^1-  >\..'‘)<>5dl1 


(24a) 


(24b) 


the  subscript  is  referred  to  the  location  of  the  receiving  point  (or  collocation  point). 

Reference  [421  certainly  provided  some  very  encouraging  results.  It  demonstrated  the  method 
by  applying  It  to  a rectangular  wing  of  aspect  ratio  2.0.  In  Figures  6 and  7,  the  lift  slope  coef- 
ficients for  the  case  In  Figure  6 differ  by  less  than  3 percent  between  collocation  points  situated  at  the 
panel  center  and  at  the  panel  trailing  edge.  Besides,  a rather  coarse  paneling  scheme  (6x8  points  on 
semlwlng)  was  used,  and  yet  the  results  compare  favorably  with  other  known  solutions.  Figure  8 presents 
the  result  for  a rectangular  wing  with  a deflected  control  surface.  Figure  9 shows  that  the  CPP  method 
Indeed  gives  accurate  lift  slope  coefficients  in  both  linearized  flow  ranges  for  rectangular  wings  with 
different  aspect  ratios.  For  unsteady  subsonic  calculations.  Figure  10a  presents  the  unsteady  lift  and 
Its  phase  angle  for  a rectangular  wing  due  to  an  oscillatory  flap  at  Ffa>  ••  0;  Figure  10b  shows  the  unsteady 
pressure  distribution  at  mldspan  location  of  aT.rectangular  wing,  of  A-  3.0,  oscillating  in  the  first 
bending  mode.  Again,  In  both  cases.  It  Is  seen  that  the  comparison  with  experiments  and  with  theory  are 
excellent. 


Hence, from  these  preliminary  results,  one  may  conclude  that  the  CPP  method  Is  Indeed  appllcabla  for 
unified  treatments  of  unsteady  subsonic  and  supersonic  flows.  A natural  extension  of  such  a method  Is, 
of  course,  to  apply  It  for  the  treatments  of  unsteady  transonic  flow. 

5.2  The  Mixed  Kamel  Function  (IKF)  Method 

TVo  typical  transonic  flow  patterns  are  considered  here  for  the  proposed  MCF  schamcsi  1)  supercritical 
flow  (Figure  11a),  2)  sonic  flow  (Figure  llbl.  The  D^i  matrix  now  contains  the  transonic  kernel  functions 

K as 

m 


For  simplicity  consider  Case  1 In  the  two-dimensional  case.  The  Dij  matrix  Is  reprasanted  by  three  dif- 
ferent matrices  In  the  mixed  flow  regions,  l.e.. 


I 0 < < 1 

In  the  locally-subsonlc  flow  region  (m  - 2)|  and 


(25a) 


•'ll  "11 


< X 


< Xi  < 1 


(25b> 


1; 
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lo  tha  loeally-supcrsonlc  flow  raglon  (m  - 1);  and 

I V<5j<x** 

“ij  ■ 

' ?J  < < 1 (25c) 

in  tha  nalghborhood  of  tha  aonle  llna  whara  d • 0.  Nota  that  xa  la  tha  aonlc  point  location. 

In  tha  nalghborhood  of  tha  ahock  location  x - Xa,  axtraaia  cara  nwat  ba  axarclaad  In  fomlng  tha  natrlx 
aquation,  Eq,  (24a).  Ihla  will  ba  alaboratad  In  tha  following  sactlon. 

For  aonlc  fraaatraam  (Caaa  2)  without  tha  Inbaddad  ahock  wava,  tha  altuatlon  bacomaa  much  alnpllar. 
Although  wo  may  still  hava  to  uss  all  the  kamel  functions,  wa  are  effectively  dealing  with  two  regions. 

S.3  Comparison  of  tha  Pravlons  Methods 

Having  outlined  our  proposed  procedure,  wa  can  now  compare  the  kamel-matrix  with  two  existing  kernel 
function  methods  currently  In  usa  for  tha  transonic  flow  calculation  [23,24].  These  kamel  function 
matrlcas  In  the  two-dloMnslonal  case  can  ba  expressed  simply  as 

1.  Cunningham's  matrix  (two  types)  [23] 

®ij  “ “^*1  * ; Ml  - M(xi)  (26a) 

2.  NUl's  matrix  (one  type)  [24] 

“ij  ■ “^*1  * Mj,U)L/U^)  ; Mj  - M(5j)  (26b) 

3.  Present  matrix  (three  types) 

“ij  “ “<*1  - 5jl  H,,  [r(5j),  X(5j),(T(5j)],  (oL/UU)  (26c) 

In  Bq.  (26a),  apparently  the  normalisation  of  w by  Ui  Is  quite  arbitrary.  For  tha  selection  of  local 
Mach  number.  Mi  In  Eq.  (26a)  la  Incorrectly  assigned.  Rather,  Mj  should  ba  chosen.  However,  based  on  the 
prassura>mode  siathod,  Dij  Is  defined  as 

“ij  ■ IIfj<5.Wxi  - 5,  Xi  - V ilifi  {26d) 

whara  tha  Index  J only  rafers  to  tha  Jth  pressure  mods  instead  of  the  Jth  elements.  In  this  case,  since 
tha  selection  of  a single  Mj  corresponding  to  a particular  aioda  function  fj  would  not  make  sense,  soma 
thought  Is  required  In  raformulatlng  tha  mlxad-kamal  version  of  tha  pressure-mode  method.  On  tha  other 
hand.  In  Eqs.  (26b)  and  26c),  J refars  to  tha  sanding  panel  elesiant,  so  that  tha  asslgnsMnt  of  a local 
(or  a Bwan)  Mach  number  to  each  alamant  la  a straightforward  task. 

6.  TKEATMEHT  OF  THE  SHOOC  WAVE 

In  tha  past,  oscillatory  ahock  wava  condition  has  bean  darlvpH  and  "patchad"  to  tha  various  linearised 
transonic  solutions  by  Coupry  and  Plassoll  [44],  Landahl  [8],  and  Eckhaus  [45].  The  foraar  two  works  wars 
based  on  the  potential  modal,  whereat  the  latter  was  based  on  the  linear  perturbation  of  Euler's  equation. 
They  all,  however,  assume  the  steady  shock  position  is  known,  a priori,  and  let  It  be  represented  ^ a one- 
dlmmslonal  nonsal  shock.  An  unsteady  one-dimensional  shock  wave  Is  then  evaluated  at  the  steady  mean  posi- 
tion of  the  shock. 

On  the  other  hand,  recant  numerical  studies  by  Ehlers  [17],  Traci,  et  al.  [18],  and  Heatherlll,  et  al. 
[19],  have  Ignored  the  prescribed  shock  condition  altogether.  Some  effort  has  been  put  forth  by  Cunningham 
In  patching  his  transonic  kamal  function  with  tha  oscillatory  shock  condition  that  ha  darlvad.  Ha  found 
that,  howavar,  his  shock  condition  doas  not  approach  Landahl's  expression  corresponding  to  the  low  fre- 
quency llsdt.  Furthermore,  all  tha  upstream  parturbations  ware  Ignored  In  his  shock  condition.  Earlier 
Inveatlgators  such  as  Eckhaus  did  so  becausa  thay  had  adopted  a flat  plate  modal  to  simplify  the  flow  con- 
dition upstream  of  tha  shock  for  tha  convenience  of  control  surface  analysis.  But  for  a general  program 
of  kernel  function  developownt  as  such,  tha  terms  due  to  the  upstream  perturbation  must  be  fully  retained 
In  order  to  Include  the  Influence  of  tha  nonunlfoim  flow. 

6.1  Shock-J<m«>  Condition 

To  sli^llfy  the  physical  situation,  wa  proposed  a condition  for  a three-dimensional  oscillatory  shock 
wave  based  on  a cylindrical  mean  shock  wava.  That  Is,  we  assume  that  the  sman  steady  shock  wava  Is  ona- 
dlsNnalonal  (normal  shock)  at  each  spanwise  y - c plane,  but  It  Is  two-dimensional  on  tha  s • 0 planform, 
with  given  shock  shape  x • S(y)  (see  Flgura  12). 

The  perturbed  oscillatory  shock  shape  Is  assumed  threa-dlsMnslonal,  however.  Ha  further  Impose  that 
tha  solitude  and  fraquency  of  ahock  oscillation  Is  tha  same  as  that  perfonaed  by  the  wing  motion.  The 
ganaral  shock  shape  can  chan  ba  described  as 
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K(x,y,t)  . Fo(x,y)  - «(y,£)e^‘'*^  - 0 (27a) 

where 

^o<x»y)  ” X - S(y)  (27b) 

and  6(y,z)  Is  the  perturbed  shock  shape.  All  flow  properties  then  need  to  be  transferred  to  the  mean 
shock  position  • 0 by  means  of  Taylor's  expansion;  for  example,  the  mean  flow  potential  now  should  be 
expressed  as 

♦ (x,y,*)  - 4o(S(y),y,z)  -*•  Fo(x,y)*o^(S(y),y,z)  + 0(8®)  (27c) 

To  be  consistent  with  our  low-frequency  approximation,  we  only  attempt  to  derive  the  mildly  unsteady 
shock  condition.  Thus,  recasting  the  mildly  unsteady  equation  for  potential  Cl  (set  , Cltt  • 0)  In  a con- 
servative form  and  making  use  of  the  divergence  theorem  yields  a set  of  difference  equations  for  mean  flow 
potential  8^  and  another  set  for  the  oscillatory  flow  potential  . The  former  set  Is  the  well-known  two- 
dimensional  shock  polar.  Meanwhile,  we  require  that  the  total  perturbed  potential  C)  be  continuous  across 
the  shock  wave  on  the  premise  that  only  the  weak  shock  solution  Is  admissible;  hence  two  conditions  result, 
l.e., 

<*o>  - 0 (28a) 

<%>+6<8ox>-0  (28b) 

where  <•>  a (*]^  - ('iP  Is  the  shock  Jump  difference  operator.  Now,  making  use  of  these  two  conditions 
together  with  the  mean-flow  shock  polar,  we  obtain  the  oscillatory  shock  condition  after  some  rearrangement, 
l.e.. 


<Co%x>  + (Ikci  - do  + ZS'dj)  (q^,)  - 2S’<<lby>  (29a) 

where  all  the  coefficients  are  due  to  the  mean  flow,  l.e., 

Co  ■ - Vs8ox 

- -ZMj* 

<*o  “ ^®o  ♦oxx^/^^ox)  xnd  dj  ■ (8oyx)/(8ox) 

Next,  several  degenerate  cases  of  Eq.  (29a)  are  considered.  VRien  S'(y)  Is  set  to  a constant  slope  m,  the 
mean  shock  shape  then  maintains  a constant  skewed  angle  8 to  the  mean  flow  direction;  and  when  m Is  set  to 
zero,  Eq.  (29a)  reduces  to 

<«o<(bx>  + (Ikci  - do  )(<«))  - 0 (29b) 

On  the  other  hand,  when  the  perturbed  shock  shape  Is  related  to  the  mean  shock  shape  by  8y  - S'(y),  Eq.(29a) 
becomes 

^®o'fcx)  +(lkci  - do)(qb)  “ 2S*(dgy)  (29c) 

For  a strictly  one-dimenslonal  mean  shock  wave,  Eq.  (29c)  then  reduces  to 

<<k)9bx>  + ikci(qb>  - 0 (29d) 

Evidently,  Eq.  (29d)  Is  no  more  than  Landahl's  one-dimenslonal  unsteady  shock  condition  [8,  Eq.  (10.13)], 
which  Is  the  unsteady  counterpart  of  Prandtl's  relation. 

6.2  The  Compatible  Boundary  Conditions  at  the  Shock  Point 

At  the  foot  of  the  shock,  a very  delicate  region  appears  for  both  the  steady  and  unsteady  cases. 
Oswatltsch  and  Zlerep  [46]  have  resolved  the  local  solution  which  shows  that  for  a convex  body  there  exists 
a rapid  expansion  region  followed  by  a smoothed  compression  In  the  downstream  neighborhood  of  the  shock. 

In  order  to  achieve  a consistent  condition,  wh.'ch  would  both  satisfy  the  shock-jump  condition  and  the  tan- 
gency  condition,  the  shock  slope  at  x - jq,  must  be  normal  to  the  surface.  This  leads  to  the  well-known 
singularity  In  the  local  solution  due  to  a steady  shock  wave. 

A similar  situation  exists  In  the  unsteady  case.  Avoiding  the  detailed  investigation  on  the  unsteady 
Oswatltsch-Zlerep  problem  for  the  time  being,  we  are  really  Interested  In  achieving  a compatible  condition 
at  X • Xg,  which  would  satisfy  the  Jump  condition  and  the  tangency  condition,  namely 

’'(Xfy»0;k)  - hx(x,y)  + lkh(x,y) 

Where  h(x,y)  represents  the  mode  shape.  Once  the  compatible  condition  Is  properly  derived  at  the  ahock 
point,  we  then  proceed  to  Incorporate  It  Into  the  matrix  equations  (24) and  (251  Such  effort  for  the  two- 
dimensional  case  Is  In  progress. 
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7.  DISOISSIOMS 

We  have  outlined  the  baste  steps  toward  a new  development  of  the  mixed  kernel  function  method 
as  a transonic  lifting  surface  theory.  Several  isaues,  which  arc  considered  as  the  building  blocks  of  the 
present  theory,  have  been  examined  in  detail.  In  fact,  the  present  work  takes  a close  look  into  the  feas- 
iblity  of  a mixed  kernel  function  method,  whereas  much  of  the  necessary  investigations  has  been  ignored  in 
an  earlier  atudy  by  Cunningham  [23].  Still,  we  feel  that  further  analytical  investigations  are  required 
before  a meaningful  numerical  work  can  be  put  forth.  For  example,  the  question  of  an  exact  equation  for 
transonic  acceleration  potential  in  the  full  frequency  range  is  not  yet  resolved. 

Ihe  present  kernel  functions  have  been  based  on  the  parabolic  approximation.  Admittedly,  this  is  a 
crude  model  by  itself  which  may  contain  unsatisfactory  flow  details.  It  is  nevertheless  a global  method 
in  that  the  global  ntsnbers  such  as  stability  derivatives  or  flutter  speeds  at  low  frequencies  (with  fairly 
low  order  BK>de  shapes)  can  be  accounted  for  expediently.  Besides,  we  have  shown  that  it  can  be  readily 
extended  to  other  methods  relating  the  concept  of  local  linearization  or  Dowell's  model.  As  seen  from  the 
receding  wave  studies  in  Flgures2,  however,  the  phase  angle  of  all  these  models  may  not  turn  out  to  be 
desirable.  Thla  was  pointed  out  by  Landahl  recently  [ 9 ].  The  remedy  for  the  present  sudel  is  perhaps 
to  take  up  an  earlier  suggestion  of  Landahl's  ([3A],  p.  427)  to  superpose  a phase  correction  potential  on  the 
formulation. 

On  the  other  hand,  the  formulated  TKF  method  doea  not  require  necessarily  to  couple  with  a fixed 
pressure  evaluation  scheme  such  as  CPF.  Other  discrete  element  methods,  the  classical  preasure-mode 
methods,  or  a hybrid  method  [47]  with  proper  modification  may  work  equally  well  in  combination  with 
the  HCF  method. 

Finally,  we  believe  that  the  present  method,  once  developed,  should  provide  a useful  tool  as  a scheme 
for  unsteady  tranaonic  calculations  for  unbounded  flow,  or  even  for  internal  flows  in  turbomachlnery,  e.g., 
[4B].  For  industrial  application,  it  should  be  more  cost-effective  than  the  current  computational  methods 
particularly  in  analyzing  a complicated  aeroelastlc  system. 
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SUMMARY 

Two-dimensional  diffuser  flows  including  a normal  shock  near  the  throat  were  investigated  using  a model  with  a 2.36  exit-to-throat 
area  ratio.  Reynolds  numbers  based  on  the  48  mm  throat  height  ranged  to  10^;  the  largest  time-mean  shock  Mach  number  was  1.45. 
Extensive  sidewall  and  comer  boundary  layer  control  produced  reasonable  two-dimensionality  of  the  time  mean  flow.  The  flow  was 
separated  at  all  transonic  conditions.  Observation  and  subsequent  quantitative  analysis  of  high-speed  schlieren  films  show  that  the  in- 
vestigated system  exhibits  low-frequency  fluctuations,  highly  correlated  over  the  entire  diffuser  length.  Shock  oscillations  occur  mostly 
in  the  70-160  Hz  range;  the  maximum  shock  displacement  amplitudes  are  comparable  to  the  throat  height.  Time  mean  shock  Mach 
number  strongly  influences  shock  and  separation  bubble  configurations.  Upstream  propagating  trains  of  weak  normal  shocks,  promi- 
nent in  the  post-shock  core  flow  zone,  appear  to  be  important  in  determining  fluctuation  properties. 

UST  OF  SYMBOLS 

a acoustic  speed 

A cross-sectional  area 

f frequency 

G power  spectral  density 

h channel  height 

8 diffuser  length  from  shock  to  exit 

1 diffuser  length  from  throat  to  end  of  divergent  section 

M Mach  number 

p pressure 

R perfect  gas  constant 

t time 

T absolute  temperature 

u velocity 

w mass  flow  rate 

w = 0.6S5  — di/ne/isionJess  mass  fiow  rate 

A.Pto 

6 boundary  layer  thickness 

X length  scale  of  shock  displacement 

V = Pto/Ps2  “ overall  pressure  ratio 

I't  “ Pt2/Pto  ■ pressure  ratio 

r time  scale  for  boundary  layer  readjustment 

- (overbar)  time  average 

INTRODUCTION 

In  supersonic  flight,  the  subsonic  diffuser  portion  of  aircraft  inlet  systems  may  display  self-excited,  large-scale,  low-frequency  flow 
fluctuations  which  adversely  influence  compressor  operation.  These  fluctuations,  commonly  referred  to  in  propulsion  technology  as 
dynamic  inlet  distortion,  constitute  a major  limitation  on  off-design,  maneuvering  performance  of  fighter  aircraft.  The  fluid  mechanical 
procesies  causing  these  fluctuations  are  poorly  understood,  and  development  of  new  inlet  designs  having  acceptable  levels  of  dynamic 
distortion  must  therefore  proceed  empirically. 

In  order  to  characterize  the  fluid  mechanical  processes  responsible  for  the  unsteady  behavior  of  such  systems,  a detailed  experimental 
exploration  of  two-dimensional,  transonic  diffuser  flows  was  undertaken.  The  flow  chosen  for  investigation  accelerates  to  supersonic 
speeds  across  a minimum-area  throat,  passes  through  a shock  shortly  thereafter,  and  decelerates  subsonically  in  a diverging  section.  The 
post-shock  adverse  pressure  gradient  causes  the  flow  to  separate  from  the  top  wall  at  all  transonic  flow  conditions.  The  experiment  is  be- 
tieved  to  contain  most  essential  elements  of  flows  commonly  present  in  inlets  operating  supercritically ; intense  low-frequency  oscilla- 
tions believed  equivalent  to  those  primarily  responsible  for  distortion  problems  in  full-scale  inlets  are  displayed.  Furthermore,  the  fluc- 
tuations appear  to  have  many  characteristics  common  with  transonic  fluctuations  observed  over  airfoil  and  control  surfaces  (related  to 
buffet  and/or  buzz);  the  possibility  of  synergism  between  airfoil-related  research  and  this  area  is  evident. 

BACKGROUND 

The  engineering  problem  motivating  this  study  (dynamic  inlet  distortion)  has  been  extensively  investigated  and  documented.* 

The  principal  physical  mechanisms  involved,  however,  are  not  well  understood;  experiments  aimed  at  clarifying  them  are  scarce,  and 
few  directly  applicable  theoretical  studies  exist. 

The  largest  class  of  relevant  analyses  deals  with  inviscid,  compressible,  unsteady  flows  in  variable-area  channels  and  treats  the  prob- 
lem in  a one-dimensional  approximation.  The  first  important  contribution  in  this  category  came  from  Kantrowitz^  who  showed  that 
smooth,  transonic  deceleration  (in  a throat)  is  unstable  to  compression  pulses  coming  from  the  rear  of  the  divergent  channel  and  that 
the  shock  position  is  stable  only  in  divergent  channels.  Hunell^  showed  that  the  displacement  of  the  shock  lags  a downstream  pertur- 
bation, and  that  the  time  lag  depends  inversely  on  the  rate  of  cross-sectional  area  change  at  the  shock  location.  A weak  dependence  on 
shock  Mach  number  was  also  found. 

*TUi  mttrch  wsi  conducted  under  the  McDonnea  Doutlet  Independent  Retemch  and  Derehpment  Ihopam 
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Jacob^  computed  the  response  of  a normal  shock  in  a diffuser  to  various  types  of  upstream  and  downstream  perturbations  using  a 
linearized  theory.  He  found  the  largest  response  when  the  perturbation  frequency  was  ~ a2/l,  where  S is  the  diffuser  length  from 
shock  to  exit  and  a2  is  the  sonic  speed  at  the  duct  exit.  His  predictions  show  that  a 1%  change  in  exit  static  pressure  may  cause  shock 
displacements  up  to  4%  of  the  diffuser  length. 


The  latest  and  most  relevant  analyses  by  Adamson,  Sichel,  Richey  and  Messiter^'®  dealt  with  the  problem  of  unsteady,  inviscid,  two- 
dimensional  channel  flows  including  shock  waves;  similarity  solutions  and  perturbation  methods  were  used  to  solve  several  variants  of 
the  problem.  These  studies  represent  the  state-of-the-art  in  theoretical  description  of  the  underlying  phenomena. 

The  present  authors  are  not  aware  of  any  attempt  to  construct  a theory  which  formally  includes  viscous  effects.  The  only  known 
major  experimental  effort  directed  at  the  unsteady  aspects  of  transonic  channel  flows  was  conducted  by  Meier®  who  used  high-speed 
interferometry  to  diagnose  the  flow  in  a Laval  nozzle  with  hyperbolic  contours.  He  found  a nearly  periodic,  pulsating  flow,  governed 
by  complex  interactions  between  the  shock  and  a separated  flow  zone. 


Fortunately,  many  publications  deal  with  selected  features  of  the  entire  complex  flow  pattern  of  the  present  study.  Studies  of 
steady,  normal-shock/boundary-layer  interactions  form  one  such  class.  The  oscillations  displayed  by  such  interactions  ate  discussed 
by  Trilling*®,  Fiszdon*  *,  Fiszdon  and  Mollo-Christensen*2  and  Plotkin.*^ 


Much  peripherally  relevant  information  is  available  from  studies  of  unsteady  transonic  flowfields  over  airfoils.  The  wall  pressure 
distribution  on  the  suction  side  of  airfoils  is  often  similar  to  that  on  diffuser  walls,  and  many  of  the  dynamic  features  are  also  similar. 
In  particular,  upstream  propagation  of  pressure  perturbations  of  signiflcant  amplitude  has  been  establbhed  in  both  situations. '^i** 
Little  is  known  about  how  such  flows  behave  ill  real  diffusers.  It  follows  that  the  present  experiment  is  necessarily  exploratory;  its 
primary  goal  is  to  describe  the  flows  found  under  the  available  range  of  externally  controllable  parameters. 

EXPERIMENTAL  APPARATUS 
Diffuser  Model 

Investigations  began  with  a diffuser  of  area  ratio  2.5  (model  A)  whose  contours  are  shown  on  the  left  of  Fig.  I . The  model  was 
equipped  with  five  vertical  suction  slots  on  each  sidewall  to  enhance  two-dimensionality  of  the  flow.  Early  tests  showed  that  the 
flow  in  this  model  exhibited  the  expected  unsteady  behavior,  but  that  it  also  contained  an  unrealistically  large,  separated  flow  zone. 
The  model  was  redesigned  with  a smaller  area  ratio  and  less  severe  contour  curvatures.  The  new  configuration,  model  B-1  (tight. 

Fig.  1 ),  also  contained  vertical  boundary  layer  control  (BLC)  sidewall  slots  and  several  new  features,  such  as  a variable-contour  top 
wall  and  relocation  of  the  throat  within  the  field-of-view  of  the  schlieren  system.  A comparison  of  features  is  given  in  Table  1. 


Throat 


Dimanuont  in  mm 


oanam-t 

Fig.  1 Wall  contours  of  diffuser  modalt 


Table  1.  Comparison  of  diffuser  models 


A 

1 1 

B-2 

Top  contour 

Fixed 

Variable  shape 

Area  ratio 

2.5 

1.84  to  2.37 

Maximum  divergence 
angle 

11° 

6.4°  to  8.8° 

DivergenHength/ 

throat-hei^t 

8 

10.6 

Radius  of  throat 
contour  cufvaturt 
to  throat  hei^t 

3 

8 to  13 

Throat 

Hidden 

In  view 

Approach  BL  thickness 
control  on  top  wall  by 

Single  element 
roughness  trip 

Single  element  trip 

Sidewall  BLC 

Vertical  slots; 
multiple, 
staggered 
sidewall  panels 

Vertical  slots; 
multiple,  flush 
sideviwll  panels 

Stream  wise 
slots  in  top 
corners; 
single^iieoe 
sidewall  panel 

arrrama* 


Detailed  checkouts  using  shadowgraph  and  oil-flow  methods  showed  that  the  separation  bubble  size  was  reduced,  but  the  sidewall 
slots  were  still  inadequate  to  ensure  acceptable  two-dimensionality.  Furthermore,  minute  misalignments  of  individual  ^ass  panels 
caused  multiple  focal  points  in  the  optical  system,  which  did  not  harm  shadowgraphy  but  made  it  impossible  to  use  a knife-edge  to 
produce  schlieren  images.  Both  problems  were  eliminated  by  using  single-panel  glass  sidewalls  and  suction  slots  along  both  top  comers. 
The  model  with  this  BLC  configuration,  designated  B-2,  displayed  good  optical  properties  for  both  shadowgraph  and  schlieren  pur- 
poses, and  the  flow  had  a satisfactory  degree  of  two-dimensionality  and  a separated  zone  of  modest  size,  comparable  to  what  might 
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occur  in  a realistic  inlet.  Most  of  the  results  given  below  were  obtained  with  this  configuration.  The  layout  and  principal  dimensions 
are  shown  in  Fig.  2,  a photograph  of  the  model  is  given  as  Fig.  3,  and  the  experimental  facility  is  shown  in  Fig.  4. 


Fig.  2 Details  of  diffusar  model  B-2 


Fi»  3 Photograph  of  diffuMr  model  B-2.  Mirror  in  fore- 

^ound  is  pert  of  schliaren  system.  Overhead  manifold 
sarvioas  top  cornar  suction  slots.  Vartical  actuator 
with  a dummy  probe  is  shown  at 11.4. 


Fig  4 Photograph  of  experimental  facility.  Li^t  source  and 
far-sida  mirror  visibla  behind  probe  actuator.  High- 
speed camera  in  forag'ound. 


The  model  was  attached  to  a plenum  chamber  with  a 25 : 1 contraction  and  was  supplied  with  filtered,  dry  air  at  precisely  measured 
rates.  A separate  flow  meter  was  used  to  measure  the  total  of  all  bleed  flows,  amounting  to  approximately  S%  of  the  maximum  flow 
rate. 

Flow  rates  ranged  up  to  2.2  kg/s,  corresponding  to  a maximum  Reynolds  number  of  10^,  based  on  the  48  mm  throat  height  and 
the  average  throat  velocity.  Test  conditions  were  set  by  controlling  plenum  chamber  pressure. 

INCTRUMENTATION 

Wall  pressure  distributions  were  determined  using  75  0.4-mm  diam  wall  taps,  connected  to  two  48-channel  scanivalves,  each  housing 
a 1 34  kPa  transducer  (Druck  model  PECR-22).  The  same  scanivalves  were  'jsed  to  sense  pressures  from  a total  pressure  rake  consisting 
of  1 1 probes,  mounted  at  midspan  of  the  exit  station.  The  inside  and  outside  diameters  of  the  probes  were  0.4  and  0.8  mm,  respectively. 
Temperatures  were  sensed  by  iron/constantan  thermocouples  with  ice-bath  reference  junctions. 

An  optical  system  was  constructed  using  two  5 1 -cm  diam  concave  mirrois  with  320<m  focal  length,  operable  either  in  shadowgraph 
or  schlieren  modes.  Shadowgraphs  were  adequate  to  clearly  show  the  shock  motion;  the  more  sensitive  schlieren  technique  was  required 
to  display  the  turbulent  structures  in  the  boundary  layers.  The  system  was  used  with  a steady  mercury  light  source  to  obtain  high-speed 
movies  at  5500  frames/s  with  a Hycam  camera.  Sharp  images  could  be  obtained  with  a 20  ns  duration  spark  source,  used  in  coqjunction 
with  a commercial  35  mm  reflex  camera. 

Oil-flow  traces  were  used  to  detect  the  direction  of  time-mean  skin  friction.  The  surface  patterns  were  converted  into  a permanent 
record  by  adsorbing  them  onto  a paper  strip,  applied  with  a roller.  These  “blots”  were  used  to  judge  the  two-dimensionality  of  the  flow 
and  to  determine  separation/reattachment  locations. 

Shock-position  records  were  obtained  from  high-speed  schlieren  films  using  a semi-automatic  digitizer  arrangement.  The  streamwiae 
position  of  the  intersection  between  the  upstream  edge  of  the  shock  and  a horizontal  line  2.54  cm  above  the  straight  (bottom)  wall 
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was  recorded  for  fitm  segments  containing  2000-3000  frames.  Since  the  dominant  frequencies  were  below  200  Hz,  the  S kHz  sampling 
rate  was  adequate  to  contain  all  significant  information  about  the  shock  motion.  Shock  thickness,  temporal  shock-shape  variations  and 
camera-related  image  jitter  amounted  to  ±2  mm  and  were  the  principal  factors  affecting  data  precision. 

The  position  vs  time  information  was  subsequently  processed  digitally  to  determine  statistical  properties  of  the  oscillations. 


EXPERIMENTAL  RESULTS 


The  measured  time-mean  properties  of  the  diffuser  flows  were  reported  in  Ref.  1 S.  To  place  the  discussion  of  associated  fluctuations 
in  context,  relevant  portions  of  Ref.  I S are  reviewed  here. 

The  operating  conditions  in  the  diffuser  are  characterized  by  an  overall  pressure  ratio  (v),  defined  as  the  ratio  of  inlet  total  and  exit 
static  pressures.  » is  not  equal  to  the  frequently  used  ratio  of  total  pressures  at  the  inlet/exit  stations.  The  reason  for  choosing  » as  the 
principal  independent  variable  instead  of  the  customary  mass  flow  ratio  (w)  is  that  the  latter  remains  constant  for  all  supercritical  con- 
ditions regardless  of  terminal  shock  strength  and  is  therefore  ambiguous.  In  contrast,  v provides  a unique  definition  of  the  state  of  the 
flow.  If  i>  is  increased  to  i*  = 1.10,  shocks  appear  in  the  system,  and  the  flow  becomes  completely  choked  for  v > 1.12.  Further  increases 
of  v lead  to  corresponding  increases  of  the  shock  Mach  number  which  is  a parameter  generally  preferred  to  characterize  flows  of  this 
type.  However,  in  the  presence  of  intense  oscillations,  both  the  definition  and  the  measurement  of  Msh  P®*®  serious  problems; 
therefore,  it  is  advantageous  to  retain  the  temporally  constant  and  precisely  measurable  i>  as  the  principal  test  variable. 

Inlet/Exit  Conditions 

The  stream  wise  location  at  x = - 1 .66  was  arbitrarily  designated  as  the  model  inlet  station.  Mean  velocity  traverses  made  with  total 
pressure  probes  at  three  spanwise  locations  showed  that  the  core  flow  velocity  at  this  station  was  uniform  within  1%,  across  the  channel 
and  in  the  spanwise  direction. 

The  bottom  boundary  layer  (developing  after  a BLC  suction  slot  spanning  the  duct  upstream  of  the  inlet  station)  was  thin,  and  no 
z4tempt  was  made  to  determine  its  details.  The  top  wall  boundary  layer,  developing  after  a O.S  I -mm  high  trip  at  x = — 2.S2,  had  a 
velocity  profile  characteristic  of  a turbulent  boundary  layer  with  zero  pressure  gradient.  The  boundary  layer  at  the  inlet  station  had  a 
momentum  thickness  of  ff  = 0.28  mm,  changing  only  slightly  over  the  supercritical  range  of  flow  conditions. 

A Kulite  transducer  mounted  at  7 * -3.69  showed  that  top-wall  pressure  fluctuations  were  less  than  0. 1%  of  the  core  flow  dynamic 
pressure  under  all  supercritical  flow  conditions  (Fig.  S).  It  is  thus  unlikely  that  the  large  fluctuations  observed  during  the  test  are  a 
direct  result  of  disturbances  originated  upstream,  although  upstream  fluctuations  could  act  as  trigger  events  for  various  instabilities. 

The  flow  exhausted  to  the  test  cell  at  atmospheric  pressure,  which  imposed  a constant  static  pressure  boundary  condition  at  the 
exit  station  (if  • 17.0). 


F%.  B Top  will  static  ptanuta  fluctuations  at  7 > -3.69 


Two-OinnatlaaaBty 

Since  the  value  of  results  from  this  experiment  depends  on  the  extent  of  two-dimensionality  achieved,  this  upect  of  the  flow  was 
checked  carcfufly  using  tufts,  oil-flow  techniques,  schlieren  photography  and  velocity  profile  measurements. 

The  oil-flow  method  is  the  most  sensitive  and  was  used  as  the  ultimate  criterion  to  select  the  best  arrangement  of  suction  slots. 
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Figure  6 shows  the  oit-flow  pattern  for  the  largest  pressure  ratio  (shock  strength)  tested.  The  symmetric,  dipole-tike  recirculating 
pattern  is  evident  within  the  separation  bubble,  which  is  similar  to  those  found  in  the  experiments  of  Alber  et  al.^^  No  tested 
combination  of  sidewall  and/or  comer  slots  eliminated  this  pattern;  indeed,  two-dimensional,  separated  flow  in  a rectangular  duct 
may  be  impossible  even  with  sidewall  boundary  layer  removal. 

Spanwise  variation  of  wall  static  pressures  was  negligible  for  all  pressure  ratios  at  the  inlet  station,  at  K > S.l  (Fig.  7),  and  at  the 
exit  station  where  static  pressure  uniformity  was  imposed  by  the  atmosphere.  Spanwise  non-uniformity  of  velocity  profiles  at 
7*  S.l  increased  with  increasing  pressure  ratio. 

The  two-dimensionality  of  the  shock  front  was  evaluated  from  schlieren  photographs  and  oil-flow  patterns.  The  time-mean  shape 
deviated  from  a mean  plane  by  at  most  ± 1 cm  (Fig.  6)  while  instantaneous  bulges  were  smaller;  only  at  the  highest  pressure  ratio  did 
the  bulges  reach  ~ I cm.  In  comparison  to  the  1 5 cm  channel  width,  these  irregularities  are  tolerable,  and  the  conclusions  reported 
here  are  not  likely  to  be  significantly  affected  by  them. 


Fig.6  Typical  oil-flow  pMttm  on  top  wall  St  v - 1.340  Fig.  7 Spanwisa  wall  static  praaturadittributiont  at  7*  6.1 

(b- 7.37  cm) 


Overall  Performaiice 

Tune-mean  measurements  of  conventional  performance  parameters  were  made  for  the  entire  pressure  ratio  range.  The  parameters 
included  normalized  mass  flow  (w),  exit-to-inlet  total  pressure  ratios  based  on  mass-flow-weighted  averages  (i>t).  and  various  distortion 
indices  computed  from  the  measured  exit  station  total  pressure  (and  velocity)  profiles.  Detailed  results,  discus^  in  Ref.  1 S,  show  that 
the  total  pressure  ratio  (representing  losses)  is  equal  to  0.95  near  the  point  of  choking  (t>  w 1 . 1 ),  which  is  comparable  to  valuea  encoun- 
tered in  inlet  design  practice. 

Wall  static  pressure  distributions  were  determined  on  both  the  top  and  bottom  walk.  The  more  interesting  top-wall  distributions  are 
given  in  Fig.  8 for  a channel  segment  near  the  throat,  including  all  the  supersonic  flow;  the  inviscid,  one-dimensional  result  for  supers 
tonic  flow  b also  shown.  Wall  contour  curvature  and  boundary  layer  displacement  effects  cause  the  measured  pressures  to  be  signifi- 
cantly below  the  theoretical  line.  The  post-chock  static  pressures  are  lest  than  expected  from  the  RanUne-Hugoniot  relationt.  This 
. discrepancy  it  typical  for  normal-shock/boundary-layer  interactiont  and  will  be  discussed  in  more  detail  later. 

I Shock  Ixscatlona  and  Sepasation  Babble  Propertka 

! Separation  and  rcattachment  points  (more  precisely,  lines)  were  determined  from  oil-flow  traces,  and  timecnean  shock  positions 

I were  extficted  from  the  high-sp^  flfant.  The  results  are  shown  in  Fig.  9. 


i 
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Fig.  8 TitTM-mMn  surfact  prwsur*  distributiont  in  th«  throat  ragion 


At  subsonic  speeds,  the  flow  is  near  separation  for  almost  the  entire  length  of  the  top-wall,  and  flow  reversal  does  not  occur  until 
the  flow  reaches  high  subsonic  Mach  numbers.  Separation  is  induced  by  the  pressure  gradient  in  the  divergent  section.  The  bubble  is 
long  initially,  and  its  length  remains  constant  until  shocks  appear  near  v = 1 .1  where  separation  is  still  caused  by  the  adverse  pressure 
gradient  and  the  separation  point  is  well  downstream  of  the  shock.  Coincidentally  with  reaching  supercriticality,  the  bubble  begins  to 
shrink  as  the  pressure  ratio  increases  and  the  shock  becomes  stronger.  This  gradual  trend  persists  to  u ~ 1 .1 50  when  the  separation 
point  moves  upstream  to  coincide  with  the  location  of  the  shock  foot.  Simultaneously,  the  reattachment  point  is  displaced  down- 
stream, thereby  nearly  doubling  the  length  of  the  bubble.  The  pressure-gradient-induced  separation  is  thus  replaced  by  shock-induced 
separation.  s 

Additional  increases  of  v move  the  shock  and  the  separation  point  further  downstream.  The  and  loci  given  in  Fig.  9 are  not 
identical  because  the  shock  position  was  defined  as  the  x coordinate  of  the  intersection  point  between  the  upstream  edge  of  the  shock 
image  and  a horizontal  reference  line  2.54  cm  above  the  bottom  (straight)  wall.  This  point  always  lies  further  downstream  than  the 
foot  of  the  upstream  leg  of  a lambda  shock,  as  illustrated  in  the  Fig.  9 insert. 

Flow  Modes 

All  measurements  discussed  thus  far  refer  to  the  time-mean  properties  of  the  flow.  The  characteristics  of  the  fluctuations  were 
identified  from  the  high-speed  shadowgraph  apd  schlieren  films.  These  observations  led  to  a classification  of  flow  conditions  on  the 
basis  of  dynamic  behavior.  Eight  modes  were  identified  and  are  described  below. 

Subsonic  Modes  - Mode  I is  subsonic  flow  without  separation.  The  top  wall  boundary  layer  is  near  incipient  separation;  oil  dots 
placed  on  the  divergent  part  of  the  top  wall  retained  their  original  shapes  without  alteration.  Mode  2 is  fully  subsonic,  but  intermittent 
separation  occurs.  This  pattern  was  termed  transitory  stall  by  Fox  and  Kline. Mode  3 contains  a separation  bubble  at  all  times  (fliUy 
separated  flow),  but  the  flow  remains  subsonic  at  all  points.  The  three  subsonic  modes  observed  were  not  studied  in  detail;  interest  aos  , 

concentrated  on  modes  including  shocks. 

i 

Supercritkal  Modes  - Five  supercritical  flow  modes  were  observed.  Simplified  drawinp  depicting  the  flow  patterns  in  each  mode  i 

are  given  in  Fig.  10.  Table  2 contains  a summary  of  their  principal  features,  including  shock  Mach  number  ranges  for  each  mode. 

Mode  4occun  in  the  lowest  range  of  pressure  ratios  in  which  shocks  appear  (1.1 10  <!><  1.1  IS).  In  general,  several  weak  shocks 
(ahocklets)  are  visible  most  of  the  time,  each  constantly  changing  in  intensity  and  position.  They  may  merge,  split  apart,  or  even 


1..  
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Fi9.9  Shock.niNmionandrMttichnMntloeatkmcimteckl  Fig.  10  Typical  ioHantMtMW  flow  paMnii  for  tu««critM 
ihocfc  poiition  atao  diown  for  eompariion.  Iiwart  modH.  Stock  latoM  4 in  top  poltwn  dpilfto 

illiMtratMwliy7s^xsH*^''>^-16  ocetoonol  prwanca  of  dwcfc  Mptfiiii  of  tooot 


Tablo  2.  Ctofoctwittici  of  wiporcritical  flow  modal 
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diuppear.Occadonally,  a itrikinf  event  occuniihocks  propagate  upatrcam.acroa  the  throat  and  eventually  disappear  in  the  convex  . j 

pent  lection,  leaving  lubionic  flow  throughout  the  model,  ^biequently , the  flow  reacceleiatei  to  nipenonic  ipeedi,  generating  new  { { 

ihocki.  This  type  of  ihock  passage  across  the  throat  generally  occun  when  the  weak  shockkts  merge  to  form  a single,  relatively  strong 
shock.  This  behavior  was  also  observed  by  Meier^  in  a two-dimensional,  symmetric  Laval  noxxle  with  hyperbolic  contours,  operated 
near  the  point  of  choking.  Mode  4 behavior  can  be  summariied  as  intermittently  transonic  and  intermittently  shock-free  flow,  since 
for  some  fraction  of  time  the  flow  is  subsonic  everywhere  in  the  field,  and  the  shocks  are  present  only  part  of  the  time. 

Mode  5 (I.IIS  <p<  1.1 25) is  also  an  intermittently  shock-free,  muMlplecliocklet  pattern,  but  in  this  case  shocks  never  cross  the 
throat.  Presumably,  a sonic  line  and  a small  supenonic  sone  of  varying  sim  exM  at  aU  Umes.  The  supersonic  Mach  numben  are  doae 
to  one,  and  no  visible  shocks  occur  for  some  fraction  of  time.  For  these  raasons  Mode  5 Is  chafacteriied  as  peiaistantly  transonic, 
intermittently  shock-free  flow. 

Mode  6(1.125  <p<  1. 1 5)  dispisys  a single,  approximately  normal  shock  at  al  times.  MuMpIs,  weak  shock  patterns  are  absent. 

The  shock  shape  is  somewhat  curved,  and  the  shock  angim  dw  to  the  wail  are  large  snou^  to  describe  the  shock  m obhitus,  with 
a premure  rise  considerably  below  that  for  a normal  shock.  The  shock  dom  not  caum  Immedlata  eaparation. 

Mode  7 appean  al  p • l.l  5,  where  the  separation  point  abruptly  moves  upatream  and  aeeumm  the  same  poailion  m the  shock 
foot  while  the  length  of  the  separation  bubble  is  nearly  doubled.  Sp^  photographs  suggest  that  the  foot  of  the  shock  may  be  epIH  to 
I form  a minialure  lambda  pattern,  in  which  the  bifurcation  point  is  at  moat  twice  m far  (tom  the  arall  than  the  visible  edge  of  the 

epproach  boundary  layer.  However,  the  scale  of  the  pattern  is  below  the  tolerance  plaoed  on  the  tvro-dimeneioiiaitty  of  this  experiaseot 
I and  this  finding  should  be  considered  tentative.  This  pattern  perdsts  for  a wide  preeeurs  ratio  range,  up  to  about  p ■ 1 .2.  Oedlation 

i amplitudes  increase  sUghtly,  snd  the  bubble  length  decreaam  with  p tai  this  range. 
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When  the  pressure  ratio  is  increased  over  1 .2,  the  top  of  the  shock  intermittently  splits  into  a large  lambda  pattern,  with  the  separa- 
tion point  located  near  the  intersection  of  the  upstream  leg  with  the  wall.  This  mode,  designated  as  8,  is  observed  up  to  the  experi- 
mental limit  of  v = 1 .34.  The  vortex  sheet  originating  at  the  bifurcation  point  is  clearly  visible  and  persists  without  appreciable  diffu- 
sion throughout  the  core  flow.  The  fraction  of  time  spent  in  the  lambda  formation  gradually  increases  until  a full-time  lambda  pattern 
exists  at  V a;  1 .25.  The  length  of  the  bubble  grows  with  v throughout  this  range. 

Mode  8 flows  display  upstream-propagating  pressure  waves,  appearing  as  nearly  plane,  weak  shocks.  These  shocklets  are  created  in 
the  vicinity  where  the  top  and  bottom  boundary  layers  merge,  i.e.,  near  the  end  of  the  uniform  core  flow.  The  shocklets  propagate 
upstream  with  diminishing  speed  and  increasing  strength  until  they  approach  the  shock,  where  they  merge  and  eventually  disappear. 
They  were  never  observed  to  merge  with  the  terminal  shock. 

The  growth  rates  of  top  and  bottom  boundary  layers  increase  gradually  with  pressure  ratio  until  shocks  appear.  The  presence  of 
shocks  is  accompanied  by  rapidly  thickening  boundary  layers.  In  modes  6 to  8,  the  top  and  bottom  layers  merge  within  4 to  6 throat 
heights  from  the  shock. 

The  top-wall  boundary  layer  exhibits  a coarsely  structured  interface  with  the  core  flow;  rapidly  growing,  large  structures  are  visible 
in  spark  schlieren  photographs  (Figs.  11-15).  The  visible  edge  of  the  boundary  layer  and  the  individual  structures  (eddies)  appear  to  be 
well  correlated  with  the  motion  of  the  shock;  shock  excursions  are  followed  by  undulations  or  ripples  on  the  interface,  growing  larger 
as  they  are  convected  downstream  in  the  duct.  When  reaching  the  diffuser  exit,  the  eddies  can  be  detected  by  stationary  probes  as 
large  total  pressure  fluctuations,  constituting  a flowfleld  that  is  equivalent  to  dynamic  distortion  in  real  inlets. 


Fig.  1 1 Spark  ichliaran  photograph  of  modal  B-2  flowfiald 
atv-  t.111  (moda4).  Rafaranoa  grid  dimansion  it 
2.S4  mm  x 1.27  mm.  Throat  it  at  first  (partially 
covarad)  vartical  lina  at  laft 


Fig.  12  Spark  tchliaran  photograph  of  modal  B-2  flowfiald 
at  v • 1.128  (mode  6) 


Fig.  13  Spark  tchliaran  photograph  of  modal  B-2  flowfiald 
at  v <•  1.140  (moda  6) 


Fig.  14  Spark  tchliaran  photograph  of  modal  B-2  flowfiald 
at  f • 1.2S0  (mode  8) 
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The  scheme  proposed  here  is  similar  to  and  partially  bvtildt  upon  classirication  systems  evolved  by  other  investigators  for  different 
but  similar  types  of  flows.  The  studies  of  Fox  and  KlinelS  led  to  the  determination  of  distinct  regimes  in  incompressible  diffuser  flows: 
our  work  is  a limited  extension  of  theirs  into  the  transonic  speed  range.  Pearcey  and  associates  19  identified  several  types  of  steady, 
traiuonic  flowfields  around  airfoils  tliat  could  be  characterised  by  relative  positions  of  the  shock,  separation  and  reattachment  points. 
The  time-mean  properties  of  the  various  modes  described  here  closely  parallel  their  classification  scheme. 

The  unsteady  aspects  of  our  modal  classification  have  counterparts  in  the  work  of  Tijdeman^ll  who  investigated  flows  around  a 
thin  airfoil  with  a 25%  flap  which  oscillated  harmonically  with  small  amplitudes,  with  freestream  Mach  numbers  ranging  from  0.85  to 
0.9.  He  identified  three  types  of  shock  oscillations  (A,B,C)  which  correspond  to  our  modes  6, 5 and  4.  The  correspondence  is  not 
compkte:  Tiideman’s  definitions,  based  on  shock  kinematics,  are  suited  to  harmonic  oscillations  but  ate  not  readily  applicable  to 
random  ones.  For  this  reason,  we  used  gas  dynamic  criteria  to  distinguish  between  modes  4,  5 and  6.  These  criteria  ate  less  descriptive 
of  the  specific  shock  position  histories  but  have  broader  applicability  and  include  Tydeman’s  three  types  as  special  cases. 

Oscillation  Properties 

The  shock  position  records  were  smoothed  and  interpolated  in  one  digital  process  to  create  a secondary  file  with  equal  time  steps  of 
0.5  ms.  These  histories  cover  time  periods  of  0.3-0.6  s and  are  adequately  long  to  provide  basic  statistical  information.  The  most  impor- 
tant questions  concern  how  the  oscillation  amplitudes,  frequencies,  and  shock  speeds  depend  on  the  principal  test  variable,  the  overall 
pressure  ratio. 

Oscillation  a.  .pUtudes 

The  simplest  way  to  characterize  the  fluctuation  amplitudes  is  through  the  probability  density  distribution  functions  (PDFs)  for 
position,  shown  in  Fig.  16.  The  distributions  are  normalized  such  that  the  areas  under  the  curves  ate  identical. 

The  data  of  Fig.  16  define  the  time-mean  shock  positions  for  each  r,  which  have  already  been  included  in  Fig.  9.  The  root-mean 
values  of  the  displacement  amplitudes  (Xnns)  implicit  and  are  shown  in  Fig.  1 7 as  a function  of  y.  Figure  17  also  shows  X,nax> 

defined  as  the  difference  between  the  maximum  and  minimum  instantaneous  shock  locations. 


Fig.  16  Probability  density  distribution  for  shock  position 
at  six  diftarant  values  of  praasura  ratio.  Vertical 
scale  arbitrary  but  common  to  all  distributiont 


Fig.  17  Charactarlstic  length,  ftaquancy  and  velocity  acalai  of  Mseah  eecHlatleni 


(VUI) 
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Figure  1 7 shows  that  the  maximum  displacement  amplitudes  are  comparable  to  the  throat  height.  The  amplitudes  show  an  increasing 
trend  up  to  v 1.13,  abruptly  dropping  to  less  than  half  the  previous  maximum  atv=  I.IS,  and  increase  slowly  with  increasing  v over 
the  remaining  range  of  pressure  ratios.  The  First  group  of  points  displaying  an  upward  trend  corresponds  to  modes  4,  S and  6,  all  of 
which  contain  a pressure-gradient-induced  separation.  The  second  group  of  points  forming  another  upward  trend,  on  the  other  hand, 
corresponds  to  modes  7 and  8 which  are  associated  with  shock-induced  separation.  The  amplitude  trends  thus  seem  to  be  related  to  the 
direct  cause  of  separation.  The  amplitude  trends  thus  seem  to  be  related  to  the  direct  cause  of  separation.  The  character  of  surface  pres- 
sure distributions  also  changes  with  the  onset  of  shock-induced  separation  (See  Fig.  S.v^l.lS,!.!  82),  and  the  exit  velocity  profiles 
also  undergo  a marked  change  at  the  same  time.*^ 

The  PDF’s  (Fig.  16)  obtained  at  low  pressure  ratios  (v  < 1 .130)  display  a sharp  peak  and  are  skewed  in  the  upstream  direction. 
Contributions  to  the  upstream  tail  are  accumulated  during  rare,  but  large,  upstream  excursions  of  the  shock  that  are  evident  on  the 
films.  In  the  case  of  mode  4,  these  excursions  penetrate  into  the  subsonic  zone  upstream  of  the  throat.  The  distribution  functions 
obtained  with  shock-induced  separation  (v  > 1 . 1 50)  are  more  symmetric  and  resemble  Gaussian  distributions. 

The  time-mean  wall  static  pressure  distributions  necessarily  reflect  the  fact  that  the  shock  position  covers  a broad  range:  the  pressure 
rise  caused  by  the  shock  becomes  gradual  and  extends  over  a distance  comparable  to  the  range  of  shock  oscillation.  Figure  1 8 shows 
selected  (bottom)  wall  pressure  distributions,  together  with  the  independently  measured  shock  position  PDF’s,  strongly  suggesting 
that  oscillations  are  the  primary  factor  determining  the  stream  wise  extent  of  the  “footprint”  of  the  shock  in  this  flow.  Figure  18  also 
shows  the  pressure  distributions  expected  from  the  Rankine  -Hugoniot  relations  when  the  shock  is  located  at  the  experimentally 
determined  time-mean  shock  position.  Pre-shock  total  pressure  was  assumed  equal  to  the  plenum  pressure,  and  pre-shock  static  pres- 
sure was  obtained  by  extrapolating  the  supersonic  wall  pressures  to  the  mean  shock  position. 

The  experimental  curve  is  too  gradual  to  permit  a clear  definition  of  the  pressure  rise  across  the  shock,  but  almost  any  definition 
leads  to  the  conclusion  that  the  measured  pressure  rise  is  less  than  the  theoretical  expectation.  This  is  typical  of  (nominally)  normal 
shock-boundary  layer  interactions:  in  our  case  it  can  be  largely  explained  by  the  obliqueness  of  the  shock  near  the  wall.* ' 

OsciUation  Frequencies 

The  second  basic  property  of  the  fluctuations  is  their  characteristic  frequency  or  time  scale.  These  were  obtained  by  calculating  the 
Fourier  power  spectra  for  each  shock-position  history  available.  The  spectra  are  averaged  over  only  1 6 realizations,  but  magnitudes  and 
trends  are  clear.  Sample  spectra  are  given  in  Fig.  19  for  v ° 1 .1  SO  and  v ^ 1 .337,  corresponding  to  the  smallest  and  largest  frequencies 
found.  The  frequencies  are  low:  even  for  v = 1 .337,  most  of  the  contributions  come  from  frequencies  below  300  Hz. 

Because  of  the  small  number  of  samples,  the  fine  structure  of  the  spectra  has  limited  significance.  In  order  to  clarify  the  pressure- 
ratio  dependence  (and  to  increase  confidence  in  the  data),  a median  frequency  f was  calculated  from  each  spectrum.  7 is  defined  such 
that  half  the  fluctuation  energy  would  reside  in  frequencies  lying  below  it : 


Fig.  18  Comparison  of  timo-maan  (bottom)  laall  prtMura 
and  shock  position  probability  distributiont  for 
two  salactad  ptassuia  ratioc.  Inviscid  distributions 
for  stationary  shock  at  mean  shock  positiont  ara 
shown  (dashed  lines) 

The  median  frequencies  obtained  by  this  procedure  are  plotted  in  Fig.  1 7 as  functions  of  v.  The  frequencies  decrease  until  v • 1 .1  SO 
where  a minimum  of  63  Hz  is  reached.  After  this  point  the  frequencies  increase  to  a maximum  of  ">  1 60  Hz  at  v ■ 1 .337. 

The  high  frequencies  at  the  low-pressure-ratio  end  of  the  scale  can  be  attributed  to  the  combination  of  multiple  shock  patterns 
observed  in  this  range  and  to  the  manner  in  which  the  measurements  were  made.  One  shock  position  was  recorded  for  each  frame.  At 
low  pressure  ratios,  however,  there  were  several  weak  shocks  visible  at  any  given  time.  When  one  shock  was  stronger  that  the  rest,  its 
position  was  recorded:  otherwise  the  shock  located  most-upstream  was  considered  representative. 
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Multiple  shock  psttems  repeatedly  displayed  a shock-shock  interaction  in  which  the  strength  of  the  leading  (upstream-most)  shock 
decreased  while  the  adjacent  second  shock  gradually  became  stronger  and  eventually  became  dominant.  This  seems  to  occur  when  the 
pressure  perturbations,  arriving  at  the  vicinity  of  the  throat  from  downstream,  reach  strengths  comparable  to  the  weak  shock  already 
residing  there.  Through  the  continuous  changes  in  the  strength  of  each,  the  new  shock  may  evolve  into  the  “resident”  shock  while  the 
original  one  decays  completely.  In  the  recording  procedure  followed,  this  caused  a sudden  shift  of  the  recorded  position  from  the  flrst 
shock  to  the  second,  which  in  turn  translated  to  high-frequency  contributions  to  the  Fourier  spectrum.  The  apparent  high  frequencies 
are  thus  largely  caused  by  the  changing  “identity”  of  the  recorded  shock. 


The  shock  was  a single,  distinctly  defined  entity  for  pressure  ratios  >1.13,  and  the  trend  of  rising  frequencies  for  v > 1.15  is  not 
influenced  by  the  fine  structure  of  the  shock.  It  is  more  likely  that  the  times  required  for  the  propagation  of  disturbances  from  some 
source  region  to  the  shock  control  the  frequency. 

The  dominant  source  of  pressure  disturbances  is  probably  the  separation  bubble.  Additional  disturbances  may  be  originated  from 
the  zone  where  the  top  and  bottom  wall  boundary  layers  merge,  i.e.,  from  the  end  regions  of  the  core  flow.  Analysis  of  time-dependent 
wall  pressure  data,  presently  in  progress,  should  clarify  this  question. 

One  important  consequence  of  these  findings  is  that  the  time  scales  are  long  enough  to  permit  the  shock/boundary-layer  interaction 
to  be  treated  as  if  it  were  quasi-steady.  The  shortest  period  (at  v = 1 .334)  found  is  7 x IQ-^  s.  The  characteristic  time  scale  needed  by 
the  boundary  layer  to  readjust  to  a changed  shock  position  or  strength  is  expected  to  be  of  the  order  of  S/u^.  Taking  the  conservative 
estimates  of  < ■ 0.5  cm,  u^  • 1 50  m/s  and  r ■ S/Uf  * 3.3  x I0~^s,  which  is  two  orders  of  magnitude  shorter  than  the  shock  oscillation 
periods.  Thus  the  known  properties  of  normal  shock /boundary -layer  interactions  can  be  expected  to  apply  at  any  instant  to  a good 
approximation.  It  follows  that  known  properties  of  a stationary  shock/boundary-layer  interaction  can  be  expected  to  be  similar  to  those 
of  a moving  interaction,  provided  the  pressure  ratio  across  the  shock  is  the  same  for  both  cases. 

Shock  Speed  Scales 

An  estimate  of  shock  speeds  can  be  obtained  as  a product  of  length  and  frequency  scales  (Fig.  1 7).  The  low-pressure-ratio  values  may 
be  difficult  to  interpret  as  explained  previously,  but  data  for  v > 1 . 1 25  are  relevant  to  the  motion  of  a single  shock.  Figure  1 7 shows 
that  the  velocity  scales  rapidly  grow  with  increasing  v,  because  of  the  increase  of  both  amplitudes  and  frequencies.  The  greatest  rms 
value  is  I . I m/s  at  v ■ 1 .337,  while  the  greatest  speed  based  on  kmax  ^ maximum  instantaneous  speed  can  be  estimated 

by  analogy  to  harmonic  oscillations  where  u,„2x  * 2irfA,  where  A is  the  displacement  amplitude.  Taking  A ■ 0.5  Xqiax'  “max  - ^ 
for  v-  1.337. 

Shock  velocities  of  this  magnitude  can  significantly  change  the  instantaneous  shock  strength,  which  is  determined  by  the  relative 
speed  between  the  fluid  and  the  shock.  In  the  case  of  an  upstream  moving  shock,  the  fluid  and  shock  speed  in  the  laboratory  frame 
are  added,  making  the  shcKk  stronger  than  a downstream  moving  one  located  at  the  same  streamwise  position.  Assuming,  for  example, 
a peak  shock  speed  of  20  m/s  and  a flow  speed  of  350  m/s,  the  relative  speeds  and  thereby  shock  Mach  numbers  can  vary  within  a 
factor  of  1 . 1 2,  depending  on  which  direction  the  shock  moves.  The  instantaneous  pressure  rise  thus  depends  on  both  the  direction 
and  speed  of  the  shock,  and  to  do  details  of  the  shrKk/boundary-layer  interaction. 

Shock  Mach  Numbers 

The  study  t>f  shock/boundary-layer  interactions  in  steady  flows  established  ;he  shock  Mach  number  (M^h)  *s  the  miNt  important 
variable  determining  the  properties  of  the  interaction.  Equivalent  information  would  be  desirable  for  the  unsteady  case  also.  Unfortu- 
nately, the  direct  measurement  of  this  quantity  as  a function  of  time  it  an  almost  impossible  experimental  task  and  was  not  attempted. 
The  question  whether  meaningful  time-mean  Mach  numbers  can  be  deduced  from  the  available  data  therefore  astumet  considerable 
importance  and  will  be  ducuased  briefly. 
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The  Mach  number  of  most  interest  is  the  freestream  value  at  the  outer  edge  of  the  boundary  layer,  just  upstream  of  the  shock.  (In 
the  case  of  a lambda  pattern,  the  upstream  leg  of  the  shock  defines  the  location  of  interest.)  One  possibility  is  to  compute  a Mach 
number  from  the  minimum  (pre-shock)  pressure  found  in  the  time-mean  wall  pressure  distributions  (Fig.  8),  using  the  plenum  pressure 
as  the  local  freestream  total  pressure.  Since  the  minimum  in  the  p(x)  distribution  corresponds  to  the  upstream  end  of  the  shock  motion 
range  and  since  the  shock  speed  is  necessarily  zero  at  the  extremal  position,  this  procedure  should  give  a good  representation  of  the 
minimum  shock  Mach  numbeis  reached  during  the  oscillations.  Mach  numbers  calculated  by  this  method  are  given  in  Fig.  20  and  Table  2. 

A time-mean  Mach  number  is  the  Mach  number  determined  by  the  time-mean  position  of  the  foot  of  the  shock  (i.e.,  its  intercept 
with  the  wall)  and  the  wall  pressure  when  the  flow  is  supersonic  at  this  location.  The  schlieren  films  can  be  used  to  evaluate  the  shock 
position,  and  the  pressures  can  be  obtained  using  the  supersonic  segments  of  the  pressure  distributions.  At  the  time  of  this  writing,  the 
shock  foot  motion  histories  were  not  available:  the  records  discussed  earlier  refer  to  the  motion  of  the  shock  midway  in  the  channel. 
Therefore,  the  separation  point  locations  obtained  from  oil-flow  traces  were  used.  For  modes  7 and  8 («<>  1.15),  these  coincide  with 
the  shock.  The  Mach  numbers  obtained  by  this  method  are  given  in  Fig.  20  as  the  best  available  description  of  the  time-mean  shock 
strength. 


Fig.  20  Minimum  and  nwan  diode  Mach  numbers  as 
functions  of  overall  pressure  ratio 


Repetitive  Events 

The  initial  phase  of  this  work  included  a partial  investigation  of  diffuser  model  A,  which  had  a greater  area  ratio  (2.5)  and  shorter 
divergent  length  ( I /h*  * 8).  The  flow  in  this  model  was  not  sufficiently  similar  to  the  ultimate  applications  of  this  effort  (inlets),  and 
its  study  was  discontinued.  However,  high-speed  films  of  the  shock  motion  and  surface  pressure  distributions  were  obtained.  The  films 
showed  a nearly  cyclic  behavior  of  the  shock  motion,  which  was  not  seen  in  model  B-2.  Figure  21  shows  a representative  segment  of  a 
typical  xg^t)  record.  The  cycle  began  with  the  appearance  of  several  weak  shocks  which  merged  after  1 .2  ms  of  random  motion.  The 
resuliant  shock  then  moved  upstream  (out  of  the  field-of-view)  at  a rapidly  increasing  speed.  This  process  was  repeated  at  an  average 
frequency  of  190  Hz.  The  individual  periods  varied  from  2 to  1 2 ms,  but  a clearly  identifiable  cycle  was  always  present.  The  phenom- 
enon was  remarkably  similar  to  that  observed  by  Meier^  in  a Laval  nozzle  with  hyperbolic  contours.  The  frequency  is  notably  higher 
than  the  values  found  in  model  B-2,  and  the  shock  excursions  are  greater  (4-5  cm  within  view  of  the  schlieren  system,  probably  much 
longer). 

The  wall  preaure  distributions  for  the  two  modeb  are  shown  in  Fig.  22  for  comparable  mean  shock  strengths  (which  occurred  at 
different  pressure  ratios).  The  accelerating,  upstream  motion  of  the  shock  in  model  A occurred  in  a long,  constant-area  region  through- 
out which  the  uniform  core  flow  Mach  number  was  nearly  constant  and  slightly  over  unity.  In  contrast,  shocks  in  model  B-2  must 
propagate  into  a large,  negative-pressure  gradient  that  apparently  limits  the  excursion  within  a relatively  short  dbtance. 

Having  observed  a definitely  cyclic  event  in  model  A,  the  question  arises  whether  there  u a sequence  of  underlying  basic  events 
buried  in  the  more  randomly  appearing  shock  motion  records  of  model  B-2.  Direct  observation  of  selected  segmenb  (Fig.  23)  strongly 
suggests  that  this  may  be  the  case.  However,  reliable  detection  of  a regularity  of  thb  type  u difficult,  and  results  to  date  are  not 
conclusive. 
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SUMMARY 

The  present  study  resulted  in  the  identification  of  five  qualitatively  different  supercritical  flow  modes,  displayed  by  the  investigated 
diffusers  as  the  pressure  ratio  (or  shock  strength)  was  varied  over  the  available  range.  Each  mode  includes  flow  separation.  All  modes 
display  closely  coupled  motions  of  the  shock  and  the  entire  subsonic  region  behind  the  shock.  The  rate  of  boundary  layer  growth  in  the 
subsonic  region  is  markedly  greater  with  shock-induced  separation  than  it  is  with  pressure-gradient-induced  separation.  The  trends  dis- 
played by  characteristic  length  and  time  scales  of  the  oscillation  aUo  depend  strongly  on  whether  the  separation  is  caused  by  the  adveise 
pressure  gradient  or  by  the  shock.  The  oscillations  were  cyclic  in  a wide  angle  diffuser  and  random  in  a diffuser  with  a moderate  diver- 
gence angle. 

The  diffuser  flows  studied  show  great  similarity  to  flowfields  around  airfoils  in  buffet:  most  of  the  important  features  (shock,  post- 
shock adverse  pressure  gradient,  and  a subsonic  separation)  are  usually  present  in  both  cases.  Upstream  propagating  disturbances  are 
present  and  appear  to  play  significant  roles  in  both  cases.  It  is  likely  that  exchanges  of  information  would  result  in  considerable  benefits 
to  both  areas  of  research. 
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UNSTEADY  FORCE  AM)  MJtNT  MiEVIATION  IN  TRANSONIC  FLOW 
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In  flutter  suppression,  controlled  stability,  or  gust  alleviation  in  the  transonic  RGGI^E,  AN  UNDER— 

STAMIING  OF  HOW  THE  UNSTEADY  LIFT  A^D  MOMENT  ARE  GENERATED  IS  ESSENTIAL.  FINITE  DIFFERENCE  CALCULATIONS 
BASED  ON  TIC  2D  UNSTEADY  SMALL-DISTURBANCE  EQUATION  ARE  FIRST  USED  TO  DMMSTRATE  THE  ESSENTIAL  FLOW  AD- 
.AISTING  MECHANISMS.  BASED  ON  THIS  BACMGROUf),  CONTROL  DEVICES  SITUATED  IN  TIC  "SENSITIVE*  PARTS  OF  THE 
AIRFOIL  ARE  NEXT  IINCSTIGATED  TO  MODERATE  TIC  CHANGES  IN  THE  LIFT  AfC  MOMENT  ARISING  IN  THE  CASE  OF  THE 
PITCHING  OSCILLATION  OF  A NftCA  64A-006  AIRFOIL  AT  M “ 0.85.  telE  THE  PITCHING  AICLITUDE  IS  1®  ABOUT  AN 
ANGLE  OF  ATTACK  OF  CP  WITH  THE  REDUCED  PITCH  FREQUENCY  OF  0.2.  ThE  CONTROL  DEVICES  IIWESTIGATH)  ARE 
LEADING  AM)  TRAILING  EDGE  FLAPS  AM)  VARIABLE  BUMPS  LOCATED  IN  THE  NEIGHBORHOOD  OF  THE  SHXK.  RESULTS  SHOW 
SUCCESSFU.  ALLEVIATION  OF  TIC  PITCHING  LIFT  AM)  MOMENT  BY  USE  OF  LEADING  AM)  TRAILING  EDGE  FLAPS. 

1.  CBJECriVE  AM)  APPROftCH 

Vehicle  structural  vcight  can  be  reduced  if  aerodynamic  means  can  be  developed  to  counthi  the  forces 

AM)  MDfCNTS  THAT  DRIVE  FLUTTER  AM)  DYNAMIC  INSTABILITY.  ThESE  CONSIDERATIONS  HAVE  FMGNIFIED  SIGNIFICANCE 
IN  TIC  TRANSONIC  REGIME  lACRE  EIORBC  FLOW  SENSITIVITIES  LEAD  TO  LARGE  FORCE  AM)  MOMENT  CWNGES,  PARTICU- 
LARLY TMWUGH  TIC  DISPLAC0CNT  OF  SHXK  WAVES. 

It  will  be  the  purpose  of  tic  present  study  to  IM/ESTIGATE  NUMERICALLY  TIC  EFFECTIVITY  OF  CONTROLS 
TO  MU.IFY  SUCH  FORCE  AM)  MOMENT  CHANGES.  In  PARTICULAR  VC  SEEK  THE  PROGWWING  OF  LEADING  AM)  TRAILING 
EDGE  DEVICES  TO  ICGATE  AN  A PRIORI  GIVEN  LIFT  AM)  MOPCNT  DUE  TO  THE  PITCHING  OXIILATION  OF  A NftCA  0W-OO6 
AIRFOIL  AT  M - 0.85.  For  tic  calculations  tic  BALLHAUS-OoORJIAN  unsteady  TRANSONIC  SMALL  DISTURBANCE 
ICTHOD  (teF.  1)  IS  USED  VWICH  MIDYS  AN  ALTERNATING  DIRECTION  IMPLICIT  DIFFERENCE  SCIOC.  TiC  LOW  FRE- 
GUENCY  LIMIT  OF  TIC  PBTTUTBATION  POTENTIAL  EQUATION  IS  USED  HIGIE  THE  UNSTEADIICSS  IS  EhCCDIB)  IN  TIC 
ADDITION  OF  AN  X,T  DERIVATIVE  TO  THE  CLASSICAL  STEADY  PERTURBATION  EQUATION.  In  THIS  LIMIT  HC  QUASI- 
PLANAR  AIRFOIL  COMIITION  IS  ESSENTIALLY  QUASI-STEADY  WTH  THE  LOCAL  PLUNGING  OF  THE  SURFACE  WVING  A 
leSLIGIBLE  CONTRIBUTION.  A CONSERVATIVE  SHXK  CAPTURE  IS  ^PLOYED;  AM)  TTC  ESSENTIAL  VISCOUS  INTBIACTIONS 
ARE  OMITTED  IN  TTC  PRESENT  INVESTIGATION, 

As  A PRELIMINARY  STEP,  IN  PART  TO  IVfRCNE  OUR  UM)BTSTAM)ING  OF  TTC  UNSTEM)Y  FORCE  AM)  MQPCNT  GENBIA- 
TION  PROCESS,  VC  SHALL  CALCULATE  TTC  ISOLATH)  EFFECTS  OF  AN  OXILIATING  LEADING  OR  TRAILING  EDGE  FLAP  TfllH 
TTC  AIRFOIL  «FT  AT  A FIXED  ANGLE  OF  ATTACK.  ThE  LATTER  FLOW  IS  OF  COURSE  REASOMTBLY  FAMILIAR  mviNB  BEB( 
IMCSTI6ATB)  EARLIDI  (ReFS,  2 AM)  3).  BaSED  ON  TTCSE  RESULTS,  TTCSE  DEVICES  ARE  TTCN  OEPLOYB)  ON  TTC 
PITCHING  AIRFOIL.  TVC  RESULTS  ARE  PRESENTED  IN  TH*«  OF  PRESSURE  DISTRIBUTIONS  AM)  TTC  LIFT  /Hi  HONBIT 
HISTORIES. 

2.  TIC  INSULTS  FOR  M PITCHING  AIRFOIL 

TvC  UCTEADY  LIFT  AM)  MOTCNT  VARIATIONS  TO  BE  NBGATH)  MTE  THOSE  FOR  THE  PITCHING  OSCILLATION  ABOUT 

TTC  MiDoa®  OF  A NACA  6AA-006  airfoil  at  H - 0,85.  Tw  pitch  Am.n\DE  is  1°  about  (P  mcle  of  attack, 

AN)  TTC  REDUCED  FRGQICNCY  IS  0.2.  (AlL  REDUCED  FREQUENCIES  USED  HBTEIN  ME  REFERENCED  TO  TTC  AIRFOIL 
CHORD.) 


In  Figure  1 itc  resulting  uppbi  surface 


DISIRIBUriQNS  DURING  1ME  PITCH  CYCU  ME  SHOMl. 


Figure  1.  Midchord  Pitching  Oscillation 

For  the  present  CP  t€m  mgle  of  attack  case  t>c  ogrrespowing  lombi  surface  pressure  distributions  are 

OBTAINED  BY  SHIFTING  TIC  PHASE  OF  THE  UPPER  SURFACE  DISTRIBUTIONS  BY  ISfP,  It  IS  SEEN  HOE  THAT  AT  A 
PHASE  ANGLE  OF  ^ A MEAK  SHKK  PERSISTS  EIAEN  THOUGH  T>E  UPSTREAM  FUM  IS  SUBCRITICAL.  SUCH  A POSSI- 
BILITY IS  NOT  UNCOmON  IN  UNSTEADY  FLOW  WHBIE  THE  REQUIRED  UPSTREAM  SUPBKRITICALITY  REUTIVE  TO  THE 
SHOCK  IS  MAINTAINED  BY  THE  UPSTREM  MOYBCNT  OF  TTC  SHOCK.  (TlJDBWl's  TyPE  C SHKK  MOTION) 

In  Figures  2 aw  3 t>c  oorrespowing  variations  of  t>c  lift  aw  mombtt  coefficients  me  shomn^  the 

LATTBI  TAKEN  ABOUT  THE  MIDCHOW  OF  THE  AIRFOIL.  (CURVES  FOR  SUBSEQUeiT  CASES  ME  ALSO  SHOWN  TOE/  AW 
TTEY  SHOULD  BE  DISRGGMDED  FOR  THE  MOWNT.)  RELATIVE  TO  TTC  AIRFOIL  MOTION^  T»eiE  IS  A LAG  OF  38^^  IN  THE 
LIFT  CURVE,  WHILE  TTOE  IS  A LAS  OF  5EP  FOR  TTC  MOMBIT.  NOTE  ALSO  TIC  DISTORTION  FROM  A HMMDNIC  IN  THE 
MCPOIT  CURVE. 
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Figure  2.  Lift  Vmiations 
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Figure  3.  Nombit  Vmiations 
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3.  ISOUHED  EFFECIS  (F  TIE  IfWING  AfO  TRAILIIC 

CONSIOSt  FIRST  IK  CASE  OF  A IfS  CHORD  TRAILING  BIGE  FLAP  OSCIUATIN6  SINUSOIDALLY  WITH  AN  ANUTUDE 
OF  2°  AT  A REDUCB)  FREOUBCY  OF  0.2.  Tk  RESULTING  FRESSWE  DISTRIBUTIONS  ARE  SHOMI  IN  FIGURE  4^  VHILE 
THE  LIFT  AM)  NDNBIT  COEFFICIBITS  ARE  COKARED  IN  FIGURES  2 AN)  3 WITH  THOSE  OF  THE  PITCHING  AIRFOIL.  In 
DC  LATTBI  FIGURES  IT  IS  SEEN  THAT  THE  PHASE  LAG  FOR  DC  LIFT  IS  APPRCKIHATELY  DC  SAME  AS  FOR  DC  PITCH- 
ING AIRFOIL/  BUT  DCIE  IS  A CONSIDBIABLY  GREATBI  LAG  IN  DC  MOMENT.  TfC  CAUSE  FOR  THIS  GREATER  LAG  CM  BE 
SEEN  IN  DC  PRESSURE  DISTRIBUTIONS  OF  FIGURE  4 AM)  IS  DUE  IN  LMGE  PMT  TO  THE  DELAY  IN  DC  G8CMTION  OF 
DC  FORWARD  LOADING  BY  DC  SLOW  UPSTREAM  PROPAGATION  OF  DC  AFT  FLAP  EFFECT. 


Figure  4.  K8  Chord  Trailing  Bige  Flap 

Tic  consgbuence  of  dc  above  is  that  t>c  phase  of  the  mt  flap  cm  be  timed  with  respect  to  the  air- 
foil pitch  to  CMCEL  EIDO  DC  LIFT  OR  DC  MOMENT/  BUT  NOT  BOTH.  ThIS  T>e<  LEADS  NATURALLY  TO  DC  CON- 
SIDERATION OF  M OSCILLATING  LEADING  EDGE  DEVICE  SUCH  AS  A FLAP  TO  PROVIDE  A MORE  TDCLY  FORNARD  LOADING. 

In  Figure  5 we  show  dc  pressure  distributions  for  dc  case  of  a TIS  chord  lewing  b)ge  fln>  osciluting 

WITH  M /WLITUDE  OF  2°  AT  DC  REDUCED  FREGUBCY  OF  OZ  WHILE  DC  CORRESPON)ING  UFT  AM)  M0»(T  yARIATIONS 


Fi«ic5.  Id  Uadinb  Bmi  FtM 


ARE  CX]N>ARED  10  DC  PREVIOUS  CASES  IN  FIGURES  2 AM)  3.  Iifc  SEE  fCRE  THAT  DC  LEWING  EDGE  FLAP  IS  IN- 
EFFECTIVE IN  GEICRATING  EIDCR  LIFT  OR  DC  DESIRED  MOMENTS.  ThE  CAUSE  IS  IMCDIATELY  EVIDENT  IN  DC 
PRESSURE  DlSTRIWriONS.  In  OONIRAST  TO  DC  AFT  FLAP  VWICH  EFFECTS  GUXAL  PRESSURE  D1S1RIBUTI0N  CHANGES 
VIA  DC  KiTTA  COMIITION^  DC  EFFECTS  OF  DC  LEADING  EDGE  FLAP  ARE  CONFINED  PRIMARILY  TO  DC  FLAP  ITSELF. 
nORBOVER  LOADING  CHANGES  ON  DC  PORNWD  PARTOFDCFLAPWESEENTOBE  ICGATED  BY  AN  OPPOSITE  LOADING 
GENERATED  AT  DC  KINKS  IN  DC  AIRFOIL  AT  DC  FLAP  HINGE  LINE. 

Greats  effects  of  dc  leading  edge  flap  can  be  obtained  by  increasing  its  chopd  am)  dc  oscillation 
ApniiuDE.  In  Figure  6 vc  show  dc  results  for  dc  case  of  a 25Z  chord  am)  an  Mf'LiiuDE  of  4°.  It  is 

SEEN  fCRE  THAT  DC  DESIRABLE  LEVEL  OF  DC  PITCHING  MOPCNT  IS  GENERATED  WITH  LITTLE  ADDITIONAL  LIFT  BEING 
PRCOUCa).  BoDI  are  GENBIATED  with  a PHASE  LBU)  RELATIVE  TO  DC  FLAP  MOTION.  CLEARLY  A 4°  OSCILLATION 
AMPLITUDE  IS  EXTREME  FOR  DC  TRANSONIC  REGIME. 


Figures.  Leading  Edge  Rap  - Incrbisb)  Chord  ak>  Amplitude 


•0J2 


Aft  Flap 


4.  FOCE  AN)  riIQ«r  (MELIATICM  CM  IIE  PnOlING 


I#  SEEK  NEXT  10  CANCEL  TIC  U FT  AM)  MOMENT  FOR  1HE  PITCHING  AIRFOIL  BfUVING  OGCILLATINB  LEADING  MO 
TRAILING  B)GE  FLAPS.  In  FiGURE  7 VC  SHCN  FIRST  THE  USE  OF  A 15SE  CHORD  MT  FLM>  TO  CMCEL  ONLY  DC  MOVOT 
OF  THE  PITCHING  AIRFOIL.  feC  DC  MOTION  OF  DC  FLAP  LARS  DC  PITCHING  MOTION  OF  DC  AIRFOIL  BY  flOP.  MO 
DC  FLAP  AMPUDOE  IS  29.  In  DC  ABCNE  PHASE  RELATION,  2SP  PHASE  DIFFBCNCE  IS  REOUIRED  TO  CHANGE  THE 
SIGN  OF  DC  FLAP  CONTRIBUTION,  SO  THAT  DC  BALANCE  IS  CLOSELY  APPROXIMATED  BY  THE  PHASE  DIFFBIBCE  BEDGN 
DC  PITCHING  ALONE  AM)  DC  FLAP  ALONE.  It  SEE  HBTE  THAT  A LARGE  RB)UCnON  IN  THE  MOVCNT  VMIIATION  IS  OB- 
TAINED WITH  sore  INCREASE  IN  DC  LIFT  OGCILLATION  AWLIDDE.  NoTE  HERE  THAT  DC  RESIOML  KfCNT  IS 
DOMINANTLY  OF  A HIGHER  HARMONIC.  In  FiGURE  8 VC  SHOW  COMPMUOLE  RESULTS  VtCRE  ONLY  THE  UFT  OSCILLATION 
HAS  BEEN  REDUCED.  IfaC  DC  FLAP  PHASE  LAG  IS  J7l°,  MO  DC  OSCILLATION  AM1.ITUDE  IS  INCREASED  TO  2t9. 


^ ^ 


14-6 

Finally  in  Figure  9 vc  show  -nc  use  of  botth  leading  mo  iraiung  edge  flaps  to  reduce  vm  nc  lift 

MO  NONBir  OF  1>C  PITCHING  AIRFOIL.  telE  7VC  25Z  CHORD  LEADING  B)GE  FLAP  IS  DEPLOYED  WITH  A PHASE  LAG  OF 
190.^  WITH  AN  AM>LIT10E  OF  if,  WHILE  THE  15Z  CHORD  TRAILING  EDGE  FLAP  WS  A PHASE  SHIFT  OF  J2CP  MO  AN 
ANUTIOE  OF  2°.  Aa  OSCILUTIONS  ARE  AT  A REDUCED  FREQUENCY  OF  0.2.  ThE  RESULTS  SHOW  SIGNIFICANT  RE- 
DUCTIONS OF  BOTH  TIC  LIFT  MO  HOICNr  VMIATIONS  VACC  THE  RESIDUAL  MOefT  AGAIN  CONTAINS  PRIMARILY  A 
HIGWR  HARMONIC  IN  CONTRAST  TO  THE  LIFT  RESIDUAL  WHICH  STIU  IS  DOMINATED  BY  THE  BASE  HARMONIC.  ThE  LATTER 
SUGGESTS  THAT  FUTTHER  TUNING  OF  THE  FLAP  MOTIONS  IS  REQUIRED.  In  THE  WCNE  RESULT  THE  LEMIING  EDGE  FLM> 
HAS  ESSENTIALLY  USED  TO  CANCEL  THE  MOWNT  WHBCAS  TIC  TRAILING  EDGE  FLAP  NAS  USED  TO  CMCEL  TIC  LIFT. 

Interestingly  tic  required  phases  for  the  flaps  can  be  estiimted  from  the  isouted  effects  of  the  fore  mo 

AFT  FLM>S. 
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5.  (ECIUATING  HIFS  ON  HE  AIRFOIL 

To  INRJJENCE  THE  SHKK  POSITION^  THBtEBY  SEEKING  TO  MCOERATE  THE  LIFT  AM)  MOMENT  VARIATIONS^  SMLL 
nm  MBIE  OSCILLATED  IN  TIE  NEIGWORHKD  OF  THE  SHOCK.  ThE  am  WERE  SINE-SWPED  WITH  A CHORD  OF  KS 
AM)  A MAXIMUM  HEIGHT  CF  2Z  OF  TIE  BM>  CHORD  AM)  06CIUATED  AT  A REDUCED  FREQUENCY  OF  0.2,  ThE  MELE  OF 
ATTACK  OF  T>E  AIRFOIL  NAS  CONSTANT  AT  EITHER  1°  OR  CF,  ThE  RESULTING  PRESSURE  DISTRIBUTIONS  FOR  THE 
BUMP  LOCATED  JUST  UPSTREAM  OF  THE  SHOCK  FOR  THE  1°  ANGLE  OF  ATTACK  CASE  IS  SHOWN  IN  FIGURE  ID.  It  IS  SEEN 
lERE  THAT  THE  BUMP  HAD  NEGLIGIBLE  EFFECT  ON  THE  SHOCK  POSITION^  IN  FACT  CHANGING  T>E  PRESSURE  DISTRIBUTION 
ESSENTIAUV  ONLY  ON  TIC  BUPf>  ITSELF.  ThE  RESULTS  FOR  A BUMP  LOCATED  JUST  DOWNSTREAM  OF  THE  SHOa  ARE 

SHOWN  IN  Figure  where  a aH>ARABi£  ineffectivity  is  seen.  It  might  have  been  conjectured  that  t>c 

PRESSURE  PERTURBATIONS  FROM  THE  BUMP  WOULD  PROPAGATE  UPSTROW,  IMPINGING  ON  THE  BACK  SIOE  OF  TTC  SHOOL, 

TO  THEN  CAUSE  A SHXK  DISPLACBCNT. 


-1.0  r 


FigWE  10,  lk>STREAM  BUMP  - a - 1°  Pigjp£  Ji,  DOWNSTREAM  BUM»  - « - 1® 

T)C  OSCILLATING  BUm  WERE  NEXT  DEPLOYED  WITH  TTC  AIRFOIL  SET  AT  OP  ANGLE  OF  ATTACK.  TiC  RESULTING 
PRESSURE  DISTRIBUTIONS  ARE  SHOWN  IN  FIGURES  12aM)13f0RTHEF0REAM>AFT  BUPPS.  In  CONTRAST  TO  TTC  1® 
ANGLE  OF  ATTACK  CASE>  TTCRE  IS  A SIGNIFICANT  EFFECT  OF  TTC  BUm. 


Figure  12.  Increased  Emcr  of  ttc  Fore  Bm  - a - CP 
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Figwe  13.  Effect  of  the  Aft  Em  - a - CP 

TfE  DIFFERENCE  IN  THE  BUMP  EFFECTS  FOR  T>C  TVO  ANGLES  OF  ATTACK  AS  SEEN  ABOVE  IS  DUE  TO  THE  LEVEL  OF 
TIC  "stFERSONICNESS"  OF  TIC  FLOW  SURROUTOING  THE  BUMPS.  FOR  T>C  REDUCED  FREQUENCY  OF  0.2  THE  EXPLANATION 
CAN  BE  ESSENTIALLY  GUASI-STEADY.  THUS  IN  TIC  CASE  OF  THE  UPSTRE/W  BUMP  FDR  THE  1°  ANGLE  OF  ATTACK  CASE, 

TIC  AWIENT  M«CH  NUWERS  OF  APPROXIMATELY  1.25  ARE  SUFFICIENTLY  HIGH  THAT  AN  ATTAOCD  SHOCK  WIU.  EXIST  ON 
TIC  BUMP  LEADING  EDGE  AT  ITS  MAXIMA  ItlGHT.  T(€  EFFECT  OF  THE  BUMP  WILL  THUS  BE  ESSENTIALLY  CONFINED  TO 
TIC  BUMP  AS  SEEN  IN  FIGURE  10.  In  TIC  CASE  OF  TIC  CP  ANGLE  OF  ATTACK  CASE,  HOWEVBI,  THE  /WIENT  fk«  NUM- 
BERS ARE  CONSIDERABLY  LOIER  WITH  A VAUC  OF  1.(7  JUST  AtCAD  OF  TIC  BUM>,  AN)  TICY  DECREASE  MORE  RAPIDLY  AT 
FUmCR  UPSTREAM  POINTS.  At  THE  MAXIMUM  DEPLOVICNT  OF  THE  BUTP,  THE  SHXK  DETACHES,  AN)  AS  TIC  SHOCK  DIS- 
PLACES UPSTREAM  OF  TIC  BUMP,  IT  ENCOUNTERS  STILL  LOWER  MaCH  NUWBTS  FORCING  THE  SHOCK  TO  DETACH  EVEN  FUR- 
1ICR.  BcNTUALLY  SUBSONIC  MaCH  NfCERS  ARE  ENCOUNTERED  BY  HC  SHOCK  WHICH  THEN  DIFFUSES  ANIY  VKN  THE 
SHOCK  VELOCITY  IS  INSUFFICIENT. 

In  TIC  CASE  OF  TIC  AFT  BUN>S,  THE  PRIMARY  CAUSE  OF  THE  DIFFERENCES  BETWEEN  THE  CP  AN)  1^  CASE  IS  TIC 
STRENGTH  OF  TIC  PRIMARY  TERMINATING  SHKKS  WHICH  MANIFESTS  ITS  EFFECTS  IN  TWO  IMYS.  In  THE  FIRST,  THE  1° 
SHOCK  LEADS  TO  POST-SHOCK  fUCH  NUPBERS  APPROACHING  TIC  BUN>  imT  ME  CONSIDBTABLY  IXMBT  TIAN  IN  TIC  CASE  OF 
TIC  CP  CASE.  This  then  leads  to  a bump  flow  that  is  significantly  less  supercritical  IN  TIC  LATTBI  CASE. 

In  tic  SECON)  IWY,  tic  unsteady  waves,  though  bucking  a HIGICR  ICMWIN),  mVE  A GREATER  RELATIVE  INFLUENCE 
IN  MOVING  TIC  SHOCK  FOR  THE  CP  CASE  WITH  THE  WEAKER  SHKK,  THUS  ACCOUNTING  FOR  THE  MORE  PRONOUNCED  UPSTREAM 
DISPLAC0CNT  OF  THE  SHKK  IN  THIS  CASE. 

Finally  a ‘tZ  bump  was  okillated  directly  beneath  tic  shkk  with  the  angle  of  attack  of  CP.  The 

RESULTING  PRESSURE  DISTRIBUHONS  ARE  SHOWN  IN  FIGURE  14,  WHILE  THE  CORRESPOtOING  SHKK  VWVE  AM)  SONIC  LINE 
CONFIGURATIONS  ARE  SKETDCD  IN  FIGURE  15.  TiC  LATTER  WERE  DEDUCED  FROM  THE  SURFACE  PRESSURE  DISTRIBUTIONS 
SINCE  CALCULATED  FLOW  FIELD  DATA  WERE  NOT  RECORDED. 

In  Figure  15a  the  shock  wave  am)  sonic  une  me  shown  for  zhw  bum  dispiabcmt.  As  the  bum 

MAZES  INTO  TIC  AACIENT  SUPBISONIC  FLOW,  OBLIQUE  LEADING  AM)  TRAILING  EDGE  SHOCKS  ARE  FIRST  FORPB)  AS 
WUID  BE  EJECTED.  KiTH  FURTHBT  DISPLACEICNr  OF  THE  BUMP,  TIC  LEADING  EDGE  SHKK  ^ IS  STRENGTieED  BY 
THE  ARRIVAL  OF  STRONGER  BUAf>  COMRESSION  WAVES.  ThE  SHKK  THEN  DISPLACES  UPSTREAM,  EVENTIMLY  FORMING  DC 
lOeTACICD''  SHOCK  SHOW  IN  FIGURE  15b  WITH  AN  EACEDDED  SUBSONIC  REGION.  WlTH  DC  COMTINUH)  UPSTREM  DIS- 
PLACEACNT  OF  DC  SHOCK  DC  SONIC  LINES  SL2  AM)  SLjj  JOIN  AS  SHOWN  IN  FIGURE  TiOEMTBI  A SINGLE 
SONIC  LINE  SI2  results  WITH  TWO  DISTINCT  SUPERSONIC  REGIONS  AS  SHOW  IN  FIGURE  ISb.  In  DC  FLOW  CONFIGUMA- 
TIOWS  BEYOM)  PIGWE  15),  DC  SHOCK  WAVE  CONTINUES  ITS  UPSTREAM  MOVaOIT,  EVENTUALLY  StCEPING  AWAY  DC 
UPSTREAM  SU>QISONIC  REGION.  SHOCK  WAVE  SIN2  IS  DCH  SUSTAIIB)  BY  ITS  OW  UPSTREAM  MOVEfCNT,  FIWLLY 
DISAPPEMING  IFSTREAM  AS  A ICAK  WAVE.  As  DC  COWRESSION  WA>CS  FROM  DC  BUW  tCAIQT  AND  CHANGE  TO  EWRN- 
810N  WAVES  WITH  DC  DECELERATION  OF  DC  BtW  MOTION,  DC  SEQUBCE  OF  SHKK  WAVE  AfO  SONIC  LINE  CONFIGURA- 
TIONS ESSEMTIAaY  RETRACE  DC  ABCVE  SEQUBCE  FROH  FIGURES  15)  D)  ISa. 
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6.  OONCUCING  GBSEFVATI0N5 

DESPITC  1>E  idealizations  of  tic  PflESENT  IIMSCID  NUNERICAL  SIUIY^  MUCH  CAN  BE  LEARNB)  OF  1HE  UN- 
STEADY TRANSONIC  OEietATION  OF  LIFT  AM)  MOTCNT  THAT  CAN  BE  EXTRAPOLATED  TO  MORE  REAUSTIC  SITUATIONS  TO 
SERVE  AS  A eUIOE. 

Thus  for  example  the  most  effective  aeans  to  generate  gubal  changes  of  ttc  pressure  distribuhon 

ON  THE  AIRFOIL  IS  TO  INTRODUCE  PERTURBATIONS  JUST  UPSTREAM  OF  T}£  TRAILING  EDGE^  AS  WITH  A FLAP/  THAT  TEM) 
TO  UPSET  THE  HJTTA  COMIITION.  In  RESPONSE/  l<llTTA  HAVES  THAT  PRESERVE  THE  N/TTA  OOMHTION  ARE  TKN 
GENERATED  MUCH  PROPAGATE  UPSTREM1  TO  PRODUCE  THE  RETARDED  GLOBAL  EFFECT. 

In  CONTRAST/  LEADING  EDGE  DEVICES  ARE  RELATIVELY  INEFFECTIVE/  AM)  ENLARGENED  CHORD  AM)  LMIGE 
OSCILUTION  AWLITUDE/  AS  USED  IN  THE  PRESENT  STUDY/  ARE  REQUIRED  TO  OBTAIN  TCANINGFUL  EFFECTS.  As  A LIFT 
ATTENUATING  DEVICE/  PERMPS  THE  USE  OF  A SPOILER  WOUU)  BE  MORE  APPROPRIATE  TO  BE  USED  T06ETTCR  WITH 
TTC  AFT  FLAP/  BUT  THE  TREATFCNT  OF  TIC  SPOILER  IS  BEVOM)  OUR  PRESENT  CAPABILITY. 

Tic  PRESENT  RESULTS  SHOW  THAT  THE  PROPER  PHASING  OF  EITHER  TIC  LEADING  OR  TRAILING  EDGE  FLAP  TO 
CANCEL  A GIVEN  VARIATION  OF  LIFT  OR  MOICNT  CAN  BE  OBTAINED  FROM  TIC  ISOLATED  EFFECTS  OF  THE  GIVEN  DEVICE. 
MdRCOVER/  the  effects  of  a given  device  DEPEM)  strongly  on  the  ENVIROMCNT  IN  WHICH  THE  DEVICE  MUST 
OPERATE/  AS  SHOWN  BY  THE  OSCILLATING  BUMPS  IN  THE  VICINITY  OF  THE  SHOCK.  ThE  EFFSHIVITY  OF  THE  AFT  FLAP 
Wia  SUFFER  ACCORDINGLY  IF  EXTEM)ED  SUPERSONIC  REGIONS  ARE  PRESENT  UPSTREAM  OF  THE  FLAP. 

The  B«41ASIS  of  the  present  study  has  been  fluid  mechanical  MD  RESTRICTQ)  to  HMSCID  AM)  PLMMR 
FLOWS  IN  THE  LOW  FREGUENCY  LIMIT.  ThBC  WILL  BE  IN>ORTANT  MODIFICATIONS  WHEN  MORE  REALISTIC  S)  CASES  ARE 

ooNsmeiS). 
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INFLUENCE  DU  NIVEAU  DE  BRUIT  OES  SOUFFLERIES  TRAN8SONIQUES 
SUR  LES  CARACTERISTIQUES  AERODYNAMIQUES  DES  MAQUETTES 

pv  Xavm  VAUCHERET 
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RtsunE 

En  vue  d'Etudier  I'lnfluence  du  liruit  des  souffleries  transsoni^ues,  les 
parols  i>erfor£es  de  la  soufflerie  ORERA  S2  de  Hodane  ont  EtE  recouvertes  d’une 
gaze  : le  niveau  de  bruit  a alors  EtE  rEduit  d celui  des  spEcifications  LEHRT. 

L' Etude  a portE  sur  des  maquettes  etalons.  Hormis  un  dEcalage  des  nonents  de  tan- 
gage,  le  bruit  n*affecte  paa  les  caractbristiques  stationnaires  globalea.  I«s 
positions  des  chocs  ne  sont  netteoent  nodifiEes  par  le  bruit  que  lorsque  des  dE- 
collements  de  pied  de  choc  existent.  Bn  1' absence  de  dEcollements,  les  pertur- 
bations acoustiques  sont  d'autant  plus  perques  que  la  portance  eat  plus  faible  ; 
les  valeurs  efficaces  des  pressions  instationnaires  peuvent  Etre  dEcuplEes.  Avec 
decollaient  et  suppression  du  bruit  des  parois,  lea  capteurs  de  pression  dEcE- 
lent  les  vibrations  de  la  voilure  sur  ses  modes  propres.  Sans  suppression  du  bruit, 
cette  rEponse  est  totalenent  masqiiEe,  ce  qui  peut  fausser  les  conclusions  concer- 
nant  les  couplages  aErodynamique-structure.  En  prEsence  de  dEcollements  intenses, 
I'effet  du  bruit  devient  nul.  En  transition  dEclencbEe,  I'influence  des  perturba- 
tions est  attEnuEe  sans  dEcollements,  mais  exacerbEe  en  leur  prEsence. 


INFLUENCE  OF  THE  NOISE  LEVEL  IN  A TRAMONIC  IMINO  TUNNEL  TEST  SECTION  ON  THE  AERODYNAMIC 
CHARACTERISTICS  OF  MOOEU 

SxnBftry 

with  a viev  to  study  the  influence  of  noise  in  transonic  vind  tunnels,  the 
perforated  vails  of  the  CWERA  S2  Hodane  wind  tunnel  have  been  covered  with  a 
gauze  : the  noise  level  is  then  reduced  to  that  specified  in  the  LEHRT  project. 

The  study  was  carried  out  with  standard  models.  Except  a shift  of  the  pitching 
moment,  the  noise  does  not  affect  the  overall  steady  characteristics.  The  shock 
locations  are  strongly  modified  by  the  noise,  but  only  when  the  separation  oc- 
curs at  the  shock  foot.  Without  separation,  the  edge  tones  were  heard  clearly 
by  the  pressure  transducers,  all  the  more  as  the  lift  decreases  ; RMS  values 
can  be  increased  tenfold.  With  separation  and  suppression  of  wall  noise,  the 
transducers  reveal  wing  vibrations  on  their  natural  modes.  Without  noise  suppres- 
sion this  response  is  completely  dravned,  which  may  alter  the  conclusions  con- 
cerning aerodynamics-structure  coupling.  With  strong  separation,  the  noise  effect 
disappears.  For  fixed  transition,  the  edge  tones  effect  is  damped  without  sepa- 
ration, but  amplified  with  separation. 


IHTHOEWCTIOH 

L'utilisation  de  parois  pemEables  pour  di- 
minuer  le  blocage  et  attEnuer  la  rEflexion  des 
ondes  de  choc  issues  des  maquettes  Cl ,2]  a EtE  re- 
enue  pour  la  conception  des  souffleries  transso- 
niques  actuellament  en  service. 

Bb  lEger  supersonique,  la  rEduction  souhai- 
table  de  la  peimEabilitE  des  parois  conduisait  A 
adjoindre  aux  parois  perforEes,  des  plaques  per- 
forEes  coulissaotes  situEes  du  cStE  de  I'envelqp- 
pe  Etanche.  Ukie  telle  solutico  fut  ainsi  adoptEe 
dans  les  souffleries  Eft  de  S2  Hodane,  Uft  de 
I'AEDC  ou  lU  inches  de  HASA-ICFC. 

A I'occasion  de  difficultEs  rencontiEes  en 
1966  C 32  au  eours  d'estais  de  flottament  dans  la 
aoufflerie  82  de  Hodane,  1' analyse  apectrale  des 


fluctuations  de  pression  de  I'Eeoulement  fit  ap- 
paraltre  des  frEquenees  privllEgiEea  llEea  aux 
parois  perforEes.  Un  simple  dEplacement  des  pla- 
ques coulissantes  permit  alors  de  dEplacer  les 
frEquenees  dues  aux  perforations  vers  des  valeurs 
plus  ElevEes  non  doMageables  pour  les  maquettes. 

Des  formulas  es^iriques  C U,5'3  puis  thEoriques 
rdJpezmirant  de  prEeiser  les  frEquenees  des  per- 
turbations acoustiques  Emises  par  les  cavitEs 
coostituEea  par  les  perforations  des  parois  (edge 
tones).  Les  conditions  d'existence  de  ces  pertur- 
bations dans  des  doswines  Mach,  Reynolds  bien  dE- 
finis  CTJ  t lA  piEdcminance  de  certains  haimoni- 
ques  d'edge  tones,  la  dEteimination  de  plusieurs 
nombres  de  Mach  de  rEsonnanee  liEs  aux  dimensions 
de  la  veins  d'essais  C6J  permirent  de  mleux  eom- 
prendre  le  mEcanisms  de  produotion  du  bruit  en 
aoufflerie. 
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Une  qualification  de  I'^coulement  des  souf- 
fleries  transsoniques  de  grandee  disensions  fut 
entreprise  i I'aide  d'un  m&e  Stalon  constituS 
par  UD  cSne  de  10  degrSe  d'ouverture.  Lee  nombres 
de  Reynolds  de  transition  et  les  niveaux  de  bruit 
obtenus  dans  les  souffleries  de  AEDC,  ARA,  RASA 
Ames  et  Langley,  NLR.  ONERA  Modane  et  RA£  Bedford 
furent  confrontSs  en  I97I1  C9,103  . Une  correla- 
tion transition-bruit  fut  Stablie  C1I,12'3  • 

Tandis  qu'ainsi  1 ' environnosent  aerodynsmi- 
que  instationnaire  des  souffleries  transsoniques 
etait  de  mieux  en  mieux  connu,  avec  le  develop- 
pement  d'avions  & haute  performance,  les  phSno- 
mSnes  aerodynamiques  instationnaires  prenaient 
un  aspect  de  plus  en  plus  important  dans  la  con- 
ception des  projets  C133  . Ce  n'est  en  fait  qu'S 
partir  de  1972  que  des  essais  [ll>,15J  illustrent 
1' influence  significative  du  bruit  des  veines  d'es- 
sais  sur  la  transition  de  la  couche  limite  & por- 
tance  eievSe  et  sur  les  caracteristiques  d'entrSe 
en  tremblesient  des  maquettes  d'avions.  Pour  assu- 
rer une  provision  raisonnable  des  limites  de  trem- 
bloaent,  un  niveau  maximal  des  perturbations  de 
l'6coulement  fUt  pioposi.  Cette  preoccupation  se 
repand  alors  et  conduit  a emettre  d'abord  des  re- 
commandations  sur  le  niveau  de  bruit  des  souffle- 
ries transsoniques  futures  fl6j  , puis  d formuler 
des  specifications  precises  sur  ce  niveau  pour  les 
souffleries  participant  au  pro  jet  LEHRT  (^17j  • 

L' appellation  de  "souffleries  propres"  fait  son 
apparition  par  opposition  aux  veines  d' essais 
transsoniques  en  service. 

II  i]iq>oi'tsit  done,  pour  les  souffleries  trans- 
Boniques  existantes,  de  developper  des  moyens 
aptes  d reduire  leiu*  niveau  de  bruit  jusqu'd  une 
valeur  fix6e  par  les  nouvelles  specifications. 

Cette  valeur  est  celle  du  seul  bruit  engendre  par 
la  couche  limite  turbulente  sur  parois  solides 
Cl8j  , considiree  comme  irreductible.  Partant  du 
principe  qu'en  soufflerie  continue,  la  majeure 
partie  du  bruit  en  veine  provient  des  parois,  plu- 
sieurs  recherches  furent  menees  paralldlement  pour 
eiiminer  les  perturbations  acoustiques  des  parois 
perforees. 


gaze,  de  disposer  d'une  veine  d deux  niveaux  de 
biniit  diff^rents.  Les  critiques  Imises  du  point  de 
vue  acoustique  d I'encontre  des  parois  perforSes 
ne  sont  done  plus  fondees,  et,  en  outre,  il  est 
possible  d'£tudier  toutes  cboses  Sgales  par  ail- 
leurs,  I'effet  du  niveau  de  bruit  sur  les  ph^no- 
mdnes  a£rodynamiques.  Dans  la  soufflerie  S2  de 
Modane,  il  est  ainsi  permis  de  r^aliser  deux  ni- 
veaux de  bruit  fort  diff€rents  et  dans  le  cas  du 
niveau  le  plus  ^lev£,  le  d^placement  des  plaques 
coulissantes  autorise  un  dSplacement  des  zones  de 
frequences  d forte  ^nergie. 

Les  seuls  resultats  publics  sur  I'influence 
du  bruit  dans  une  meme  soufflerie  concement  les 
repartitions  de  pressions  stationnaires  et  les 
emplacements  de  la  transition.  Sur  un  cone  cylin- 
dre,  les  pressions  ne  sont  peis  modifiees  dans  une 
large  gamme  de  Mach  de  0,6  a 1,3  (2^  . Seul  lui 
leger  recul  du  choc  est  observe  d Mach  0,95  (|203- 
sur  une  voilure  et  un  empennage-  Une  elevation  du 
niveau  de  bruit  par  un  moyen  situe  en  aval  de  la 
veine  d'essais  ne  modifie  pas  le  decoUement  d'un 
profil  mais  provoque  un  leger  recul  de  la  transi- 
tion [23J  . 

Devant  le  faible  nembre  de  renseignements 
dont  il  etait  possible  de  disposer,  surtout  en 
instationnedre,  des  experiences  ont  ete  menees 
dans  la  soufflerie  S2  de  Modane.  Les  resultats 
presentes  ici  concement  I'influence  du  niveau  de 
bruit  tant  sur  les  caracteristiques  stationnaires 
globales  et  locales  que  sur  le  cooqportement  ins- 
tationnaire de  maquettes  tridimensionnelles  dans 
le  domaine  transsonique. 


1 - HOTATIOHS 

b Demi  envergure  de  voilure 
C Corde  a6rodynamique  moyenne  de  voilure 
C4  2 Corde  de  section  1 ,2 

Coefficient  de  force  axiale 

Cn,  Coefficient  de  momrat  de  tangage  (pris  par 
rapport  a 25  X de  C ) 


Un  type  particulier  de  solution  concerns  des 
peunjis  d'un  nouveau  concept  (rod  wall)  jj93  • 
autre  solution  consists  a d6truire  le  tourbillon 
g6n6rateur  de  perturbation,  en  insurant  dans  chaque 
perforation  une  cloison  mince  places  paralldle- 
ment au  vent  [20j  . Outre  une  laborieuse  mise  en 
place  due  au  nembre  de  perforations,  cette  solu- 
tion a 1' inconvenient  d'etre  irreversible. 

La  solution  la  plus  simple  consiste  d depla- 
cer les  frequences  des  edge  tones  vers  des  valeurs 
superieures  d celles  interessant  les  phenomdnes 
instationnaires  des  isaquettes.  Il  suffit  pour  ce- 
la  d'utiliser  des  parois  avec  des  Mrforations 
d'un  diamdtre  inferieur  d U mm  (fl2j  soit,  d la 
limite,  des  parois  en  metal  fritte  {[2l3  . Dans  ce 
dernier  cas,  la  mauvaise  resistance  mecanique  des 
parois  rend  tecbnologiquement  cette  solution  d'un 
emploi  difficile.  Une  autre  solution  a ete  recher- 
cbee  dans  le  but  de  conserver  les  parois  d' ori- 
gins : elle  consiste  d appliquer  sur  ces  parois, 
du  c8te  de  la  veine,  une  gue  d maille  fine.  Si- 
multanement  une  gaze  en  polyester  ([12_3et  une  gaze 
metalliqua  r22j  , de  caracteristiques  trds  voisi- 
nes,  ont  ete  proposees.  Des  essais  avec  un  tissu 
d forte  per«eabilite  ^21^  sont  venus  confirmer  les 
resultats  obtenus  avec'  les  gazes. 

Il  apparait  done,  d partir  de  1975,  qu'un 
moyen  simple  et  trds  econcmique  peimet,  dans  des 
souffleries  d parois  perforees  convent ionnelles, 
d'environnament  acoustique  eievd,  non  seulement 
de  rsmener  le  bruit  au  niveau  de  celui  d'une  pa- 
roi  solide,  mais  encore  par  pose  et  depose  de  la 


Cm  Coefficient  de  force  normale 
C||  Gradient  de  portance 

•Vi 

Cp  Coefficient  de  pression  locale 
f Frequence 

Frequence  lies  au  regime  du  cempresseur 
TA  Hombre  de  Mach 

F(n)  Function  spectrale  (voir  paragraphe  3) 
n Frequence  idduite  (voir  paragr8q>he  3) 

P Pression  locale  stacionnaire 
Pi  Pression  generatrice 
9 Pression  dynamique 

(Jtc  Hombre  de  Reynolds,  calcuie  sur  une  lon- 
gueur c 

3^  Position  relative  en  profondeur  d'une  pres- 
sion d'une  section  de  longueur 

Position  relative  en  envergure  d'une  sec- 
tion 6quip6e  de  prises  de  pressions 

Position  du  point  neutre  de  la  maquette 
- 25  - dCte/dCn 

eC  Incidence  du  fuselage 

.e 

c(^  Incidence  de  la  voilure  ( 0(y|  ■ + A ) 

Oft  Signal  du  pont  de  jauge  de  flexion  d I'em- 
planture  voilure 
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Indices 

caractSrise  vine  pression  mesvir^  par  le 
captevir  Kvilite  situS  dans  la  section  1,2 

caractSrise  une  pression  mesur^e  par  le 
M microphone  situ€  d la  paroi  de  la  veine 
d'essais 

•\/  caractSrise  vine  valevir  efficace  d'vm  signal 

Indications  particvilidres 
B,T  modes  de  flexion,  torsion  de  voilure 
1,T,Z,3Dum^^  d'harmoniqvie  d’edge  tones 


2 - MOiaiS  D'ESSAIS 

La  veine  transsonique  de  la  soufflerie  con- 
tinue a pression  variable  S2  de  Modane  est  une 
veine  de  section  carr^e  de  6 ft  de  cot£.  Les  pa- 
rois  verticales  sont  pleines,  tandis  que  les  pa- 
rois  horizontales  sont  perforSes  d trous  de  18  mm 
de  diamdtre  inclines  d 60  degrSs  caapl€tSs  de  pla- 
ques covilissantes,  de  meme  perforation,  situSes 
du  c3t€  de  I'enveloppe  3tanche  de  trds  grande  di- 
mension (diamdtre  13  ma)  entovirant  la  veine  (fi- 
gure 1).  Le  dispositif  de  reduction  du  bruit  con- 
siste  en  vine  gaze  en  fils  de  polyester  de  30/100  mm 
tressds  en  mailles  de  0,8  nm.  Cette  gaze  est  ap- 
pliqude,  cotd  veine,  sur  toute  la  partie  perforde 
des  parois  borizontales  de  m de  longueur. 

Les  maquettes  tridimensionnelles  utilisdes 
sont  les  maquettes  3talons  ORERA  (figure  l)  ayant 
servi  d vine  large  confrontation  C 2U3  de  lU  souf- 
fleries  transsoniques  industrielles  am^ricaines  et 
europSennes  et  d des  dtudes  de  corrections  des  ef- 
fets  de  parois  C253  . Ces  maquettes  sont  repre- 
sentatives d'un  avion  de  transport  d ' allongement 
T,3  de  la  classe  Mach  0,85  (le  Mach  de  divergence 
de  trainee  est  0,87).  Le  moie  profil  PEAKY,  sym- 
metrique  de  10,5  % d’epaissevir  relative,  Iquipe 
toutes  les  surfaces  portantes  de  generation  coni- 
que.  La  voilure  est  caiee  d U degres  sur  le  fuse- 
lage. L'absence  de  vrillage  et  de  cambrure  sur 
ces  ailes  en  fldche  de  grand  allongement  confdre 
aux  maquettes  des  caracteristiques  de  decrochage 


prenature  en  bout  d'aile  avec  vine  interessante 
svisceptibilite  des  seuils  de  pitch  up  et  des  phe- 
ncmdnes  de  decollement  et  interaction  cboc-coucbe 
lifflite  aux  nombres  de  Mach  et  de  Reynolds.  Coamie 
on  dispose  de  maquettes  homothetiques  et  d'une 
soufflerie  d pression  generatrice  variable,  il  de- 
vient  plus  facile  dans  certaines  conditions  de  se- 
parer  les  effets  du  nombre  de  Reynolds,  des  parois 
et  du  niveau  de  bruit.  La  conception  monobloc  des 
maquettes  pemet  une  meilleure  reproductibilitS 
des  essais  et  vine  identification  sure  des  r^svil- 
tats. 

Les  deux  maquettes  ^talons  OHERA  utilis^es 
sont  : 

- la  maquette  Ml  d'envergure  0,29  m pr^sentant 
vine  obstruction  en  veine  de  0,05  t dont  les  rSsul- 
tats  peuvent  etre  assimilSs  d cevix  qui  seraient 
obtenus  en  atmosphdre  illimitSe. 

- la  maquette  M5  d'envergure  0,98  m prSsentant 
une  obstruction  de  0,59  et  un  rapport  entre  en- 
vergvixe  et  largevir  de  veine  de  0,56  comparable 
aux  valeurs  utilisSes  en  essais  industrials.  Bien 
entendu,  la  taille  de  cette  maquette  presents  I'a- 
vantage  de  permettre  un  6quipement  plus  couqilet 
que  celui  de  la  petite  maquette. 

L'6quipement  des  deux  maquettes  comprend  une 
balance  dynamcmetrique  d 6 ccmposantes  et  un 
captevir  de  pression  instationnaire  situ6  d 65 
de  profondevir  de  la  corde  d mi-envergure.  La  ma- 
quette  M5  comprend  en  outre  un  second  captevir  de 
pression  instationnaire  d 83  K de  profondevir  de 
la  corde  d 81  /(  d'envergure,  un  pont  de  javiges 
mesurant  la  flexion  d I'emplanture  de  voilure  et 
deux  sections  Si  et  Sp  6quip6es  chacune  de  Uo 
prises  de  pressions  stationnaires  situ6es  d 50  et 
8l  % de  I'envergure. 

L' environnement  acovistique  de  la  veine  d'es- 
sais est  mesurS  d I'aide  d'un  microphone  mont6 
afflevirant  d la  paroi  verticale  pleine,  d mi- 
hauteur  ; il  est  plac6  respect ivement  d 1,k2  m et 
0,57  m en  azaont  du  nez  des  maquette  M1  et  M5. 


S2MA  WIND-TUNNEL  ONERA  CALIBRATION  MODEL 

TRANSONIC  TEST  SECTION  MS 

HORIZONTAL  PERFORATED  WALLS 
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3 - ESSAIS  ET  MESUREB  EFFECTUEES 

L'enssmble  des  esssis  est  syst&aatiquement 
effectu£  ea  presence  et  en  1* absence  de  gaze  sur 
les  parols  horizontales  perfor4es.  Les  plaques 
coulissantes  des  parols  sont  malntenues  en  posi- 
tion ouvertes. 

Les  essals  sont  effectufis  d dlffSrents  nombres 
de  Reynolds  en  transition  naturelle  (presslon  g6~ 
n£ratrlce  variable  de  0,5  & 1,8  bar).  Quelques 
essals  en  transition  d£clench$e  (perles  de  verre 
de  0,12  mi  collies  i T % de  profondeur  de  corde 
extrados  et  Intrados)  sont  riallsis  sur  la  maquette 
>6  ; des  visualisations  classlques  de  la  transi- 
tion de  la  couche  llmlte  sont  faltes  d Mach  0,92, 
et  Incidence  at  « 3,3°  (CH  'V  0,6),  au  nombre  de 
Reynolds  de  2 millions  sur  la  maquette  M5  sans 
rugoslti. 

Les  mesures  de  presslons  Instatlonnalres  sont 
prisenties  en  utlllsant  les  coordozinies  sans  di- 


mension : friquence  ridulte  n « fl/ U ( t » c6ti 
de  la  velne  carrie)  et  fonctlon  spectrale  F (n) 
telle  que 

.f 5 j dn  - I 

q*  •'ntO  “'logni-** 

Alnsl  que  priconlsi  pour  le  LEHRT  CsSJ  , les 
spectres  de  puissance  sont  prisentis  en  temes 
vn r(n  1 en  fonctlon  de  logn. 


1*  - HIVEAUX  DE  BRUIT  EN  VEINE 

Les  spectres  de  fluctuations  de  presslons 
mesuries  avec  le  microphone,  situi  en  aiaont  de  la 
maquette  M5,  d Mach  0,81t  et  0,92,  (Rc  de  1 et  2 
millions,  en  presence  et  en  I'absence  de  gaze, 
sont  comparis  figure  2. 

Dans  I'itat  d'orlglne  des  peu-ols  (sans  gaze) 
les  spectres  comportent  des  zones  d forte  inergie 
trds  marquies  correspondant  aux  trols  harmonlques 


d'edge  tones,  numirotis  1,  2 et  3*  A Mach  0,8U  le 
premier  harmonique  est  pripondirant  alors  qu'd 
Mach  0,92  11  eat  trds  attinui  et  le  second  har- 
monique pridcmlne.  Sur  ces  2 modes  d'edge  tones, 
les  densitis  spectrales  nomallsies  \/o  F(n') 
dipassent  0,02.  Autour  de  n • 8,  une  quatrldme 
zone  d'inergle  nuuirotie  1'  molns  Importante  ap- 
paralt  : son  origins  n'a  pas  iti  identiflie,  car 
elle  ne  semble  pas  etre  assimilable  d un  harmoni- 
que des  friquences  de  perturbation  acoustlque  de 
trous  [12J  . Enfln,  une  rale  de  trds  falble  iner- 
gle,  sltuie  d n • 10,  correspond  d la  friquence 
double  du  regime  compresseur. 

La  prisence  de  la  gaze  rabote  toutes  les  zones 
de  forte  ou  moyenne  inergle  et  dlmlnue  les  densi- 
tis  spectrales  dans  toute  la  gamme  de  friquence. 
Seule  la  rale.  Hie  au  ccmpresseur,  d n • 10 
subslste.  La  ripartltlon  de  denslti  spectrale  est 
voislne  de  celle  obtenue  sur  parol  sollde  et  ri- 
pond  done  aux  spiclflcatlons  Imposies  pour  le 
LEHRT. 


5 - RESULTATS  AERODYRAMIQUES  STATIOHBAIRES 
5-1  - Gradients  de  portance  - points  neutres 

Les  gradlens  de  portance  et  position  de  ix>lnts 
neutres  ne  sont  pas  modlflis  par  le  niveau  de  bruit 
alnsl  que  le  montrent  les  courbes  tracies  en  fonc- 
tlon de  C||  d Mach  fixe  ou  en  fonctlon  du  Mach  d 
C|i;  fixe  (figure  3).  Les  trds  ligers  icarts 
constatis  sont  attribuables  d la  mithode  numirl- 
que  de  diteimination  des  valeurs  Ci,)^  et  ac^ 

(de  I'ordre  de  1 de  ou  1 iC  de  corde  en 

position  de  point  neutre) . Ces  falbles  icarts  ne 
sont  pas  de  I'ordre  de  grandeur,  nl  de  I'effet  du 
nombre  de  Reynolds  (courbes  1 et  2 de  la  figure  U 
sur  maquette  M5),  ni  de  I'effet  des  Interactions 
dues  aux  parols,  alnsl  que  le  montre  la  ccmparalson 
des  courbes  2 et  3 de  la  figure  U obtenues  d 
I'alde  de  valeurs  non  corrlgies  des  effets  de  pa- 
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PSD  OF  PRESSURE  FLUCTUATIONS  IN  S2MA  MICROPHONE  M 
, UPSTREAM  OF  THE  MODEL  M5 

WITHOUT  GAUZE 

1 WITH  GAUZE  I 


R{.2.10‘ 


NOISE  EFFEECT  ON  LIFT  GRADIENT  AND  NEUTRAL-POINT 
MODEL  MS  .(FREE  TRANSITION) 


WITHOUT  GAUZE 
WITH  GAUZE 


Rt.2.10° 


Figure  It 


Influence  du  bruit  sur  gradients  de 
portance  et  positions  de  points 
neutres  - Ml,  M5  - 


Figure  3 


Influence  du  bruit  sur  gradients  de 
portance  et  positions  de  points 
neutres  - M5  - “ 2 . l(fi 


NOISE  EFFECT  ON  LIFT  GRADIENT  AND  NEUTRAL  POINT 
MODELS  Ml,  MS  (FREE  TRANSITION) 

A Cu 

MACH  0,84  I “ Cm^.2 


WITHOUT  GAUZE 

WITH  GAUZE 


Casase  la  perm^sbilitS  aFrodynamique  noyenne 
des  parols  perfor£es  est  dStenainFe  exp4riments- 
lement  d partir  des  gradients  de  portance  > 

I'exaaen  des  figures  3 et  L aontre  bien  que  la 
presence  de  la  gaze,  sans  effet  sur  , n'al- 

tdre  pas  la  porosit4  des  paroia.  Cette  constatation 


est  sans  doute  attribuable  d la  trds  grande  poro- 
sity des  parols  de  la  soufflerie  S2MA,  assimilable 
d une  veine  libre  C 25 J : une  iSgdre  modification 
de  la  permyability  gyomytrique  des  parols  ne  chan- 
ge alors  pas  la  porosity  ayrodynamique  moyenne 
trds  yievde. 
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S2M&  WIND  TUNNEL 
FREE  TRANSITION 


j 

I 


I 


si  les  positions  de  points  neutres  sont  in- 
d6pendantes  du  niveau  de  truit,  on  observe  cepen- 
dant  un  d6calage  systSmatique  des  , au- 

dessous  de  Mach  0,8U  et  0,90  respect ivenent  pour 
les  deux  maquettes  M5  et  Ml  (figure  5).  La  reduc- 
tion du  niveau  de  bruit,  obtenue  avec  la  gaze, 
provoque  un  couple  cabreur  pratiquement  indSpen- 
dant  du  nombre  de  Reynolds.  Lors  de  la  ccmparai- 
son  de  diverses  souffleries  transsoniques  avec  la 
meDe  maquette  M5  C2k3  , de  tels  d^calages  avaient 
Ste  constates,  meme  apres  correction  des  effets 
de  parois. 


5-3  - Caracteristiques  de  Pitch  un  et  de  Pitch 
dovn 


Les  constatations  SnoncSes  au  paragraphs  pre- 
cedent restent  verifiSes  pour  les  ceuracteristi- 
ques  de  pitch-up  : 1' influence  du  niveau  de  bruit 
est  nulls  sur  la  portance  de  pitch-up  (figure  6)  ; 
elle  se  manifests  iSgerement  sur  le  Cm  de  pitch- 
up  au-dessous  de  Mach  0,8. 


Au  dela  du  pitch  up,  le  dSveloppement  des 
decollements  accroit  I'effet  du  niveau  de  bruit, 
qui  se  fait  sentir  sur  le  moment  de  tangage  de 
pitch-down  au-dessous  de  Mach  0,8U  (figure  6). 
Une  iSgSre  modification  de  la  portance  de  pitch- 
down  existe  a Mach  0,7. 


Figure  5 Moment  de  tangage  A CM  ■ 0,2  en 

fonction  de  M 


NOISE  EFFECT  ON  PITCH-UP^  PITCH-DOWN 
CHARACTERISTICS 
MODEL  MS  (FREE  TRANSITION) 

Rt.2.10‘ 


Figure  6 Influence  du  bruit  sur  lee  caractd- 

rlatlques  de  pitch  up  et  de  pitch 
down 


5-1*  - Coefficients  de  trainee  nette 

Eb  1' absence  de  decollements,  le  coefficient 
de  trainee  axiale  nette  ne  depend  pas  du  niveau 
de  bruit  (figure  7).  Au  fur  et  A meaure  que  les 
decolleiaents  prennent  de  1* importance,  la  reduc- 
tion du  niveau  de  bruit  accroit  la  trainee.  Le 
maximum  des  ecarts  dus  au  niveau  de  bruit  atteint 
I*  de  CA  A Mach  0,7  et  CH  0,6.  Ces  ecarts  ne  de- 


pendent pas  du  nombre  de  Reynolds  (figure  8)  ; 
ils  sont  nettement  inferieurs  aux  variations  de 
trainee  dues  i.  une  variation  du  nombre  de  Rey- 
nolds, surtout  au-dessous  de  1 million,  et  aux 
effets  des  parois  ainsi  que  le  montre  la  coaqparai- 
son  des  CA,  non  corriges  des  effets  de  parois, 
obtenus  sur  les  deux  maquettes  Ml  et  M5  d' obs- 
tructions trds  differentes. 
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MODEL  MS 


Figure  7 Train#'  en  fonctlon  de  M - M5  - 

«c“  2.10® 


ONERA  MODELS  (FREE  TRANSITION) 

BLOCKAGE  Ml  MS  GAUZE 
QOSy.  * + WITHOUT 

O.S9y.  o A WITH 


Figure  8 Tralnde  en  fonctlon  de  ~ Ml 

M5  - Mach  0,84 


5“5  “ Rfeneurtitions  de  pressions 
5-5-1  - Transition  naturelle 

A Mach  0,8U,  en  I'ahsence  de  d€collements  au 
herd  de  fuite(  " 3,3°  pour  section  1. 

oty/ “ 3,3°  et  5,3°  pour  sections)  les  repar- 
titions de  pressions  mesurees  en  transition  na- 
turelle ne  dependent  pas  du  niveau  de  bruit  (fi- 
gures 9 a et  b). 

presence  de  decoUements  au  bord  de  fuite, 
la  reduction  du  bruit  en  veine  a pour  effet  d’e- 
tendre  legerenent  le  decollement  et  d'avancer  le 
choc  (au  maxisium  de  U de  la  corde  locale). 

A Mach  0,92  (figures  10  a et  b),  dans  la 
section  2 au  centre  de  la  voilure,  le  choc,  situe 
en  arriSre  du  profil,  recule  lors^ue  le  bruit  di- 
minue  en  1' absence  de  decolleaents  de  bord  de 
fuite  ( ot^  m 3,3  et  5,3)  : le  recul  du  choc  eat 
plus  accuse  en  presence  d'un  decollcaent  de  pied 
de  choc  ( 01^  ■ 5,3)  et  atteint  2 de  la  corde. 

Lorsque  le  decollement  de  bord  de  fuite  existe 
( ■ 7,3)  le  bruit  modifie  tr8s  peu  les  repar- 

titions de  pression. 

Au  mtee  nembre  de  Mach,  dans  la  section  1 
de  bout  d'aile,  le  bruit  provoque  des  modifica- 
tions irofondes  du  choc,  sans  que  la  pression  de 
bord  de  fuite  soit  alteree,  qu'il  y ait  ou  non  un 
decolloient  il  cet  enlroit.  Ces  modifications  impor- 
tantes  de  la  position  du  choc  et  des  repartitions 
de  pression  entre  les  essais  effectues  avec  et  sans 
gaze  ne  peuvent  Stre  expliquees  par  les  ecarts 
d' incidence  (0,02  dagre)  ou  de  Mach  (0,005)  entre 


les  essais  et  doivent  done  %tre  attribuees  au 
bruit.  Au  plus  grand  nembre  de  Reynolds  (figure  10a), 
a 1' incidence  de  3,3  degree  avec  un  faible  decolle- 
ment  de  bord  de  fuite,  le  choc  est  recuie,  lorsque 
le  bruit  diminue,  d*  environ  12!(  de  la  corde  ainsi 
que  le  decollement  de  pied  de  choc  qui  prend  de 
1' extension.  A 1' incidence  de  5,3  degree,  en  pre- 
sence d'un  decollement  de  bord  de  fuite,  la  reduc- 
tion de  bruit  entraine  un  recul  du  choc  de  181  de 
la  corde.  A 7,3  degree  d'incidence,  en  presence 
d'un  decollement  encore  plus  prononef  du  bord  de 
fuite,  1' effect  du  be^iit  est  plus  modere  : la  re- 
duction du  bruit  resorbe  le  decollement  de  pied  de 
choc,  ne  modifie  pratiquosent  pas  I'nplacement  du 
choc,  ce  qui  conduit  i une  reduction  des  pressions 
d partir  du  maitre  couple  du  profil. 

Les  lignes  de  transition  visualisees  i 1' in- 
cidence voilwe  de  7,3  degree,  A Mach  0,92  et 
Oic  * 2.10°  sont  strictement  identiques  pour 
les  2 niveaux  de  bruit.  Dans  la  section  2,  la 
ligne  vis\ialisee  est  i 66  % de  profondeur  et  cor- 
respond au  pied  de  choc  (figure  10  a)  precede 
d'un  trds  leger  decollement.  Dans  la  section  1, 
la  ligne  visualisee  se  situe  8 U5  de  profondeur, 
done  sensiblement  en  fin  de  choc  place  pratique- 
ment  au  mtee  endroit  pour  les  2 niveaux  de  bruit. 

Dans  le  cas  de  cette  incidence  de  7,3  degres 
et  de  la  section  2,  il  semble  done  que  la  ligne 
visualisee  corresponde  i la  zone  de  reeollement 
turbulent  assez  distante  du  decollsiMnt  de  bord 
de  fuite.  Malheureusement,  aucune  visualisation 
n'a  ete  effectues  aux  incidences  plus  faibles,  ce 
qui  ne  peimet  pas  d'expliquer  I'important  effet 
du  bruit  sur  lea  chocs. 


M5.  FREE  TRANSITION 

M5  FREE  TRANSITION 

S2  MA.  MACH  0.84  Re.2.10® 

S2MA  . MACH  0.84  Rfl.lO® 

WITHOUT  GAUZE 

WITH  GAUZE 

WITH  GAUZE 

1 P/Pi 

1 CAICNNAL  aCbllUN  I 

I Y/b  = 81  % 

= 1-3  10® 

EXTERNAL  SECTION  1 
j3  Y/b-  81% 

/ S.  Rei-0.65  10® 

CENTRAL  SECTION  2 
Y/b  = 50V. 

•Ret  = 1.8  10* 


CENTRAL  SECTION  2 
r/h.  50% 

Ret.  0.9  10® 


Lffl 


Q Figure  9 

M5.  FREE  TRANSITION 
S2  MA  . MACH  0.92  R^.  2.10® 

WITHOUT  GAUZE 

WITH  GAUZE 


R£partltiona  de  presslons  -M5- 
tranaltion  natural le  - Mach  0|84 
figure  9a  tf?£«  2.106 

figure  9b  Of-,  l.io® 


M5  FREE  TRANSITION 
S2MA  . MACH  0.92  Re. 1.10® 

WITHOUT  GAUZE 

WITH  GAUZE 


EXTERNAL  SECTION  1 
Y/b  =81% 
X'xRei=1.3  10® 


EXTERNAL  SECTION  1 
Y/b.  81% 

Lr— l-^Rci  . Q65  10® 


xa:  (%) 


CENTRAL  SECTION  2 
-N.  Y/b.50(%). 

— Nss.Rct.0.9  10* 


CENTRAL  SECTION 


Figure  10  Mpartltiona  de  praaalona  - MS 
transition  naturelle  - Mach  0, 
figure  10a  - Z.lcP 

figure  10b  (fc;  - 1.10* 
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5-5-2  - TranBition  d£clench£e 


Dans  le  caa  d'une  transition  d$clench£e  par 
des  rugosit^B  surabondantes  ayant  provoquS  une 
inportante  avanc£e  des  chocs,  pouvant  atteindre 
2l»  % de  la  corde  CSUT  , I'effet  du  niveau  de  bruit 
reste  modSri  quels  que  soient  la  section  de  me- 
sure,  le  Mach,  1 'incidence  ou  le  nombre  de  Rey- 
nolds, Avec  cette  transition  dSclench^e  d T !(  de 
profondeur,  les  dScollements  de  pied  de  choc  ont 
disparu,  mais  les  dScollements  de  bord  de  fuite 
sont  plus  marques  qu'en  transition  naturelle.  La 
reduction  du  bruit  recule  le  choc  au  maxinuni  de 
1 X de  corde  (figure  11). 

MS  . FIXED  TRANSITION 

S2HA.  MACH  0.92  Ri.2.10^ 

WITHOUT  GAUZE 

WITH  GAUZE 


5-6  - Pressions  au  bord  de  fuite  - Portance  d'une 
section 


L'entrSe  en  buffeting  peut  8tre  d6temin€e 
par  la  mSthode  classique  r27'3  de  1' incidence  de 
divergence  des  pressions  de  bord  de  fuite  ou 
1' analyse  des  pertes  de  portance  dans  une  section 
de  voilure.  Aucune  influence  du  bruit  n'a  pu  Stre 
mise  en  Evidence  sur  ces  grandeurs,  nine  lors- 
qu'une  modification  sensible  de  la  position  des 
chocs  existe. 

6 - RESULTATS  AERODYIiAMIQUES  IRSTATIOiniAIRES 

Paimi  les  m6tbodes  d' investigation  des  ph6- 
nCB^nes  instationnaires  transsoniques,  at  en  par- 
ticulier  du  buffeting,  rIceBent  passAes  en  re- 
vue C283  , les  mesures  das  signaux  de  jauges  d'en- 
planture  d'aile  at  de  capteurs  de  pressions  ins- 
tationnaires sont  couraaent  utiliaCes,  en  vol 
at  en  aoufflerie.  Les  r6sultats  prCsantCs  ici  ne 
pr6tendent  pas  A une  Atude  du  buffeting  ou  des 
couplages  entre  fluctuation  de  pression  at  ri- 
ponsea  des  structures  qui  nAcessiteraient  un  6- 
quipeaent  important  des  naquettes  C29J}  • Le  but 
des  experiences  effeetuAes  est  aimplMent  d'exa- 
ainer  si  le  niveau  de  bruit  des  veines  d'essais 
transsoniques  affects  les  mesures  da  contraintes 
ou  da  pressions  instationnaires. 


6-1  - Signaux  instationnaires  de  balance 

Dans  les  spectres  des  signaux  de  balance 
apparaissent  des  raies  aux  frAquences  des  modes 
de  su8i>ension  de  la  maquette  et  de  flexion  voi- 
lure. Dans  le  cas  des  ponts  de  tratnAe,  moment  de 
tangage  et  roulis,  les  raies  sont  limitAes  au 
deuxiAme  mode  de  flexion  de  voilure,  situA  A 
lUO  Hertz  (n  • 1).  L'intensitA  des  raies  n'est 
pas  modifiAe  par  le  changement  de  niveau  de  bruit 
qui  ne  se  manifeste  pas  de  faqon  importante  pour 
cette  gamme  de  n (figure  2).  Dans  le  cas  du  pont 
de  portance,  des  raies  siq>plAmentaires  existent 
vers  3*»0  et  750  Hertz  : toutes  les  rues  sont  si- 
tuAes  en  dehors  des  zones  A forte  Anergie  dues 
aux  edge  tones. 

Compte  tenu  de  la  trAs  forte  rigitA  des  ma- 
quettes,  leur  rAponse  aux  excitations  contenues 
dons  I'Acoulement,  vue  au  travers  des  ponts  de  la 
balance,  est  une  rAponse  filtrAe  sur  des  modes 
A trAs  faible  amortissement  sans  Anergie.  Une 
telle  fonction  de  transfert,  dont  les  raies  de 
frAquences  sont  en  dehors  des  zones  d' excitation 
modifiAes  par  les  perturbations  acoustiques  des 
perforations,  conduit  A une  rAponse  indApendante 
du  niveau  de  bruit  : ceci  est  vArifiA  tant  sur  les 
rApartitions  de  densitAs  spectrales  que  sur  les 
valeurs  efficaces  des  ponts  de  balance. 


6-2  - Signaux  de  .jauges  de  flexion  A 1 ' emplanture 
de  voilure 

Les  valeurs  efficaces  (figure  12)  sont  iden- 
tiques  pour  les  2 cas  de  bruit  AtudiAs,  sauf  A 
faible  portance,  quels  que  soient  les  nembres  de 
Mach  et  de  Reynolds.  Cette  modification  ayant 
lieu  avant  la  divergence  des  courbes  *SB/q-F(.C*i) 
conduit  A une  rAduction  de  la  portance  de  diver- 
gence, utilisAe  pour  caractAriser  I'entrAe  en  buf- 
feting, lorsque  le  bruit  diminue. 

Rf.lO'*  = 2 1 

WITHOUT  GAUZE  « + 

WITH  GAUZE  o ^ 


Figure  12  Valaura  efficaces  da  la  flexion  A 
I'ai^lanture  de  voilure 
M5  - transition  naturelle 

6-3  - Signaux  de  pressions  instationnaires 

Les  exeBiples  de  modification  des  pressions 
instationnaires  par  un  changement  du  niveau  de 
bruit  sont  issue  des  mesures  effectuAes  A I'aide 
de  2 ci^teurs  Kulite  qui,  selon  leur  emplacement, 
rAagissent  diffAremment,  du  fait  de  leur  position 
relative  par  rapport  aux  chocs  et  axix  dAcollements 
dans  la  section  de  mesure  de  la  voilure.  II  sera 
done  pexmis  de  dAgager,  dans  quellss  conditions, 
I'effet  du  bruit  extArieur  A la  maquette  modifie 
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les  rSponses  des  pressions  instatlonnaires . Les 
effets  du  bruit  sont  successivement  examines  d 
2 emplacements  fort  diffSrents  pour  2 nombres  de 
Mach,  2 nombres  de  Reynolds,  en  fonction  de  1' in- 
cidence de  la  voilure  StudiSe  en  transition  na- 
turelle.,  piis  dSelenchSe. 


6-3-1  - TransiMon_naturelle 


6-3-1-1  - Mach  O.SU  - section  1 de  bout  d'aile  - 
Profondeur  63  % 


Dans  ce  cas,  le  capteur  de  pression  situ6 
S 83  de  profondeur  de  la  section  1 de  bout 
d'aile,  est  en  aval  du  choc  (figure  9)  dans  une 
zone  dont  le  dScollement  partant  du  bord  de  fuite 
s'intensifie  avec  la  mise  en  incidence.  Les  re- 
partitions de  densites  spectrales  et  les  valeurs 
efficaces  sont  foumies  en  fonction  de  1' inci- 
dence ou  de  CH  sur  la  figure  13. 


i 


En  1' absence  de  bruit  (avec  gaze),  la  valeur 
efficace  est  d'un  niveau  fcdble  et  constant  jus- 
qu'&  CN  de  0,2  puis  croit  jusqu'a  un  maximum, 
dependant  fortment  du  nombrc  de  Reynolds  et  situC 
S une  portance  CN  variant  de  0,65  a O.U  selon  (Re, 
Au-ieli,  les  valeurs  efficaces  diminuent  par  sui- 
te d'une  organisation  des  decollements. 


situe  dans  une  zone  de  fluctuation  intense  du 
champ  propre  & la  voilure  e'est-i-dire,  lorsqu'il 
est  situe  dans  une  zone  de  decollements  intenses. 

L' identification  des  pointes  de  densites 
spectredes  est  realisee  i partir  des  haimoniques 
d'edge  tones  (figure  2)  et  des  frequences  des  modes 
de  structure  de  voilure. 

A I'incidence  de  3,3  degree,  il  est  clair 
que  le  capteur  pergoit  tous  les  edge  tones  (nume- 
rotes  1 - 1 ' - 2 et  3 de  la  figure  2)  qui  dispa- 
raissent  en  presence  de  la  gaze,  ce  qui  explique 
les  differences  considerables  des  valeurs  effica- 
ces. 


A I'incidence  de  5,3  degree  le  mode  de  tor- 
sion apparait  nettement  avec  gaze,  alors  que  sans 
gaze  la  proximite  du  deuxi^me  haimonique  d'edge 
tones  amort it  la  reponse  sur  le  mode  de  torsion. 

A I'incidence  de  7,3  degree,  les  spectres  sont 
identiques  pour  les  deux  niveaux  de  bruit.  Enfin 
S 8,3  degree  d'incidence,  les  densites  spectrales 
apparaissent  plus  eievees  avec  gaze  : ce  phenomena 
n'est  du  qu'i  un  leger  decalage  d'incidence  dans 

une  zone  S forte  evolution  de  Pi,  avec  CH. 

''I 

6-3-1-2  - Mach  0,81»  - section  2 centrale  - 
Profondeur  65  % 


A fort  niveau  de  bruit  (sans  gaze),  les  va- 
leurs efficaces  sont  10  fois  superieures,  & por- 
tance nulle,  a celles  mesurees  avec  faible  bruit  ; 
lorsque  CN  croit,  elles  diminuent  jusqu'au  debut 
de  decollenent  puis  croissent  de  la  mSme  maniSre 
qu'a  faible  bruit  pour  passer  par  un  maximum  el 
meme  CN  qu'avec  gaze.  En  rSgle  generale,  les  va- 
leurs efficaces  obtenues  suivent  les  memes  evo- 
lutions pour  les  2 niveaux  de  bruit  mais  sont 
d'autant  plus  eievees  que  le  bniit  augmente  : 
I'effet  du  bruit  est  d'autant  moins  important  que 
les  decollements  sont  intenses. 

L' explication  des  ecarts  des  valeurs  effi- 
caces se  trouve  dans  les  densites  spectrales.  Les 
capteurs  de  pression  pergoivent  deux  types  de  fluc- 
tuations de  pression  : celui  du  i I'ecoulement 
propre  de  la  maquette,  celui  du  aux  perturbations 
de  I'ecoulement  lie  eI  I’etat  des  parois  de  la  veine 
d'essais.  Ces  demiSres  perturbations  sont  d'au- 
tant moins  perceptibles  par  le  capteur  qu'il  est 


Le  capteur  Kulite  situe  d 65  X de  profondeur 
de  la  section  2 £ mi-envergure , est  place  (figure 
9)  en  fin  de  choc  jusqu'd  5,3  degr6s  (sans  decol- 
lement  de  bord  de  fuite)  puis  au  del&  de  cette  in- 
dicence,  nettement  en  aval  du  choc,  dans  une  zone 
contaminee  par  le  decollement  de  bord  de  fuite  dSs 
5,3  degree.  Les  valeurs  efficaces  et  densites 
spectrales  sont  donnees  figure  lU. 

L' influence  du  niveau  de  bruit  se  manifeste 
de  la  meme  mani8re  que  dans  la  section  de  bout 
d'aile,  et  de  fagon  encore  plus  significative  en 
1' absence  de  decollements  : le  premier  harmonique 
d'edge  tones,  preponderant  A Mach  0,8>t  (figure  2) 
apparait  trSs  nettement  a I'incidence  3,3  degres 
et  conduit  S une  valeur  efficace  tr^s  eievee  i 
portance  nulle.  La  diminution  de  la  valeur  effi- 
cace, en  1' absence  de  gaze,  se  produit  jusqu'& 

CM  - 0,35. 


RMS  AND  PSD  OF  PRESSURE 
FLUCTUATIONS  (KULITE  1) 
Y/S.S1X  lA.SSV. 

MS  MODEL 
MACH  0.84  Ri.2.10^ 

WITHOUT  GAUZE 

WITH  GAUZE 


Figura  13  Valeurs  effleacas  at  apeetrea  de 
preaalon  -capteur  kullta  1 - 
M - 0,84 
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preaslon  - capteur  kullte  2 - 
M - 0,84 


Comne  la  valeur  efficace  reste  faible  et  cons- 
tante,  en  1' absence  de  perturbations  acoustiques, 
la  diminution  observSe  sans  gaze  ne  peut  provenir 
du  champ  des  fluctuations  de  I'^coulement  propre 
d la  voilure.  II  semble  que  lorsque  1' incidence 
crolt,  le  choc  qui  recule  et  s'intensifie,  protege 
en  quelque  sorte  le  capteur  des  perturbations  a- 
coustiques  de  la  veine  d'essais  qu'il  perqoit  de 
moins  en  moins. 

Le  mode  de  torsion  bien  visible  avec  gaze, 
n'&nerge  pas  des  spectres  en  presence  de  I'edge 
tones  2 qui  le  masque.  A I'incidence  de  8,3  degrSs, 
aprds  le  maximum  des  valeurs  efficaces,  les  spec- 
tres sont  trSs  voisins  pour  les  deux  niveaux  de 
bruit  : ils  dScIlent  une  organisation  de  I'Scou- 
lement  dans  les  zones  d^collles  favorisant  le  mode 
de  flexion  voilure. 

II  est  done  manifeste  que  la  presence  de  per- 
turbations acoustiques,  perques  nettement  par  la 
voilure  en  1* absence  de  dScollement,  peut  masquer 
des  rSponses  sur  les  modes  de  structure  de  voilure. 


6-3-1-3  - Mach  0,92  - Section  1 de  bout  d'aile 
Profondeur  83  % 

A Mach  0,92  le  capteur  plac£  d 83  K de  pro- 
fondeur de  la  section  1 est  situi  toujours  en  aval 
du  choc  (figure  10)  dans  une  zone  influencSe  par 
le  dScollement  de  bord  de  fuite.  II  a £t£  vu  su 
paragraphe  5-5-1  que  dans  ce  cas  1* influence  du 
niveau  de  bruit  itait  trds  importante  sur  le  choc, 
qu'une  reduction  de  bruit  reculait  jusqu'd  18  % 
de  longueur  de  corde.  Le  capteur  sera  done  d' mu- 
tant moins  en  aval  du  choc  que  le  bruit  sera  fai- 
ble. Toutefois  il  a £t£  indiqu8  que  la  pression 
stationnaire  du  bord  de  fuite  £tait  ind£pendante 
du  bruit. 

Les  valeurs  efficaces  (figure  15)  sont  tou- 
jours Slev€es  car  le  capteur  est  plac£  dans  la 
zone  dScoll$e  naissant  au  bord  de  fuite.  L'^vo- 
lution  de  ces  valeurs  efficaces  en  fonction  de 
Cf!  est  faible  ; les  valeurs  sont  l£g8rement 
r^duites  par  I'enploi  de  la  gaze. 


RMS  AND  PSD  OF  PRESSURE 
FLUCTUATIONS  (KULITE1) 
Vfc.81%  i/t.63X 

MS  MODEL 
MACH  0.92  A(,,2.10‘ 

WITHOUT  GAUZE 

WITH  GAUZE 


Figure  15 


Valeurs  efficaces  at  speccrea  de 
presaloa  - capteur  halite  1 - 
M - 0,92 
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A Mach  0,92  le  premier  harmonique  d'edge  tones 
est  pratiquenent  absent  des  spectres  de  l'£cou- 
lement  (figure  2).  Seules  les  tones  de  frequences 
des  deuxiSme  et  troisiime  haraoniques  d'edge  tones 
apparaissent  dans  les  spectres  mesures  sans  gaze. 

L* influence  du  bruit  se  manifeste  coane  precS- 
desnent,  i Mach  0,81«  en  presence  de  decollements  ; 
la  reponse  en  torsion  de  voilure  est  masquee  par 
I'edge  tone  nualro  2. 

Les  signaux  instationnaires  ne  traduisent  pas 
les  modifications  profondes  des  positions  de  choc 
dues  au  bruit,  observees  sur  les  repartitions  de 
presaions  stationnaires. 

- Mach  0,92  - Section  2 centrale  - 
Profondeur  65  % 

Le  cas  du  capteur  situe  d 65  de  la  section 
2 d Mach  0,92  diffdre  des  precedents  car  le  cap- 
teur eat  situe  dans  le  voisinage  de  la  zone  de 
choc  (figure  16). 

La  valeur  efficace  est  maxi male  d CN  "0,15 
( ” 3,3°)  lorsque  le  capteur  est  situe  en 

fin  de  choc.  Lorsque  CN  croit,  la  valeur  efficace 
passe  par  un  minimum  d CN  • 0,3,  correspondent  d 
un  debut  de  decoUement.  Au  dels,  la  valeur  ef- 
ficace croit  jusqu'd  une  valeur  moderee  : le  cap- 
teur situe  alors  au  pied  du  choc  ressent  1' in- 
fluence du  leger  decoUement  de  pied  de  choc.  Bien 
que  les  valeurs  efficaces  soient  trds  voisines 
pour  les  2 niveaux  de  bruit,  les  spectres  diffdrent 
notablement.  II  y a coaq>ensation  des  densites 
spectralea  obtenues,  sans  gaze,  sur  les  modes 
d'edge  tones,  par  les  densites  spectralea  obtenues, 
avec  gaze,  sur  les  modes  de  structure  voilure. 
Ainsi,  avec  les  parois  d'origine,  le  deuxidme 
harmonique  d'edge  tones,  preponderant  d Mach  0,92 
dans  I'ecoulement,  est  toujours  perqu  par  le  cap- 
teur. Avec  gaze,  les  modes  de  torsion  et  flexion 
voilure  apparaissent  netteuent  d partir  de  1' in- 
cidence de  6,3  degree  alors  que  les  edge  tones 
1 et  2 les  masquent  sans  gaze.  Dans  ce  dernier 
cas,  le  mode  de  torsion  n' arrive  d emerger  qu'au 
deld  de  I'indicence  de  7,3  degrds. 


6-3-2  - transition  declenchee 

A titre  d'exoiple  1' influence  de  rugosites 
est  examinee  d Mach  0,84  et  Gtc  ■ 2 millions 
sur  I'ecculement  au  droit  de  la  section  1 de 
bout  d'aile  d la  profondeur  83l(. 

Les  rugosites  ont  jrovoque  une  nette  avan- 
cee  des  chocs.  L'effet  du  bruit  sur  les  reparti- 
tions de  pressions  est  faible  en  transition  natu- 
relle  ccmme  en  transition  declenchee  et  {ratique- 
ment  negligeable  sur  le  Cp  de  bord  de  fuite. 

Les  repartitions  de  densites  spectralea 
(figure  17)  montrent  qie  l'effet  du  bruit  est 
trds  different  dans  les  deux  cas  de  transition 
bien  que  le  capteur  soit  toujours  nettement  en 
aval  des  chocs. 

Avec  gaze,  en  transition  declenchee,  les 
densites  spectralea  sont  plus  faibles  d oIm  * 3 >3 
‘b  5,3  degres  qu'en  transition  naturelle.  Le  mode 
de  torsion  voilure  n'est  plus  visible  avec  rugosi- 
te.  A 7,3  degree  lee  densites  spectralea  sont 
voisines  pour  les  2 types  de  transtion,  lorsque 
la  section  est  profondement  decoliee. 

La  presence  d'edge  tones  dans  les  spectres, 
trds  nettonent  visible  en  transition  naturelle  en 
I'absence  de  decoUement,  est,  au  contraire,  peu 
perque  en  transition  declenchee.  En  presence  de 
decollements  1' inverse  se  produit  : edge  tones  non 
visibles  en  transition  naturelle,  exacerbes  en 
transition  declenchee.  Pour  une  section  entidre- 
ment  ddcoliee  ( m 7,3  degr€s)  la  presence 
des  rugosites  avec  un  fort  niveau  de  bruit  produit 
des  densites  spiectrales  trds  eievdes.  L'influence 
du  bruit  qui  etait  nuUe  en  transition  naturelle 
multiplie  par  2,6  les  valexirs  efficaces  en  tran- 
sition declenchee. 

Ces  considerations  s'appliquent  egaloaent 
aux  mesures,  non  repartees  ici,  effectudes  dans 
la  section  2. 


RHS  AND  PSD  OF  PRESSURE 
FLUCTUATIONS  (KULITE  2) 
X/k.50y.  i/c.65% 

MS  MODEL 

MACH  0.92  Ki.2  .106 

WITHOUT  GAUZE 

WITH  GAUZE 


Pigure  16 


Valeurs  effleacas  at  spectres  de 
preaslom  - capteur  Kullte  2 - 

M - 0,92 
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Figure  17  Influence  de  rugosltds  sur  spectres 
de  presslon  - M • 0,84 


II  apparait  done  que  la  modification,  par 
suite  d'une  transition  avancSe,  de  I'ltat  de  la 
couche  liaite  d la  naisseuice  du  choc  et  que  1'8- 
paississaent  de  couche  limite  par  les  rugosit^s 
contrihuent  d : 

-att^iuer  I'effet  des  perturbations  acoustiques, 
en  absence  de  decollements, 

-exarcerber  leur  effet  en  presence  de  dlcoUenents, 

-€liaincx  la  presence  des  modes  de  structure  dans 
les  rSponses  des  capteurs  de  pressions. 


A CN  • 0,5  les  valeurs  efficaces  sont  plus 
faibles  pour  Ml  que  pour  M5  ; I'effet  du  bruit 
est  encore  nettenunt  ressenti  par  la  petite  ma- 
quette  alors  qu'il  n'existait  pa.  peur  la  grande 
maquette.  Cette  difference  de  cempertement  des 
deux  maquettes  provient  sans  doute  de  la  position 
relative  des  frequences  des  modes  de  structure 
et  des  edge  tones. 


RHS  VALUES  OF  KULITE  2 


6-3-3  - Influence  de  la  siaquette 

Les  deux  maquettes  M1  et  H5  etant  equipees 
d'un  m^e  capteur  situe  en  un  point  hcmologue, 
la  conparaison  des  valeurs  efficaces  des  pres- 
sions mesur6es  d la  paroi  de  la  veine  d'essais 
et  par  le  capteur  de  voilurepermet  d'apprScier 
au  mime  nosbre  de  Reynolds  0\jc*  1.10^  I’influen- 
ce  des  dimensions  de  la  maquette  sur  les  ph6no- 
mdnes  instationnaires.  D'une  part  la  function 
de  transfert  de  la  uquette  est  diffirente,  par 
dFplacement  des  frequences  vers  les  valeurs  plus 
eievees  Icrsque  la  aa<piette  est  plus  petite, 
d'autre  part  les  porturbatims  acoustiques  sont 
reques  par  une  voilure  de  surface  11  fois  plus 
petite  pour  la  maquette  Ml  que  peur  la  maquette 
M5. 


La  figure  I8  Montre  que  : 

-sans  edge  tones,  avec  gaze,  les  valeurs  effica- 
ces de  pressions  sont  accrues  p>our  la  pwtite 
maquette  Ml  d portance  nulle.  Les  variations  de 

avec  CD  sont  plus  rSduites. 

-avec  edge  tones,  sans  gaze,  les  valeurs  effica- 
ces de  pressions,  toujours  d portance  nulle, 
sont  au  eontraire  moina  6lev6es  pour  la  petite 
maquette.  A Mach  0,6U  reste  constante  avant 
divergence  pour  Ml  alora  qM  pour  M5  dCcrolt 

fortmieat  : le  minimia  de^i,  p>our  N5  est  6gal 
d la  valeur  constante  de  pour  Ml  (0,09). 

La  difference  de  perception  des  edge  tcoaa  par  les 
deux  maquettes  provient  sans  doute  du  rapport  dea 
■urfaeas  de  voilure. 


(yA-50%  i/e-65%) 

Ml, MS  MODELS  (FREE  TRANSITION) 
fl-i  - 1.10‘ 

WITHOUT  GAUZE 

WITH  GAUZE 


Figure  lB  - Influence  de  la  maquette 

^ansition  naturelle  1.10° 
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DIVERGENCE  OF  THE  CURVES  _F  (C^) 
MS  MODEL  (FREE  TRANSITION) 


6-U  - CN  de  divergence  des  courbes  (CN) 

Les  coefficients  de  i^tance  pour  lesquels 
la  divergence  des  ccurbes  r,^  (CN)  apparalt  sont 
part£a  figure  19.  En  I'absence  d'edge  tones,  il 
s'agit  du  CH  i partir  duquel  croit  ; avec  edge 
tones  il  peut  s'agir  du  minimum  de  la  courbe 
(CN).  Dans  ce  cas,  le  CN  de  divergence  depend  du 
niveau  de  bruit  et  croit  avec  celui-ci.  Les  dif- 
ferences apparaissent  dans  la  zone  d'activitS  des 
edge  tones  et  ^voluent  conmie  I'intenrite  du  bruit 
qu'ils  crSent,  c'est-i-dire  d'autant  plus  que  M 
et  (%£  sont  faibles.  Il  est  ceuracteristique  que 
la  plus  important  variation  du  CN  de  divergence 
avec  le  bruit  existe  pour  le  capteur  1 d Mach  0,78 
et  C/6  1.10  , c'est-a-<^e  dans  le  cas  od  la 

plus  grande  diminution  de  Yy^  avec  CN  a Ste 

observee  avant  divergence. 


d'autocabrage  ou  de  limites  de  tremblement  d par- 
tir des  techniques  de  pressions  de  bord  de  fuite 
ou  de  mesures  d I'omplanture  des  ailes,  I'influen- 
ce  du  bruit  n'a  pas  d etre  consid&rSe,  sauf  pour 
la  valeur  absolue  du  mcment  de  tangage  ; le  bruit 
soible  bien  d I'origine  de  la  disparity  des 
dans  les  ccmparaisons  de  souffleries. 

Si  les  essais  comportent  des  mesures  de 
pressions  stationnaires  et  surtout  instationnaires 
il  apparait  indispensable  d'obvier  d I'effet  des 
perturbations  acoustiques  qui  risquent  de  compro- 
mettre  la  quality  des  donn€es  aSrodynamiques  ins- 
tationnaires. L'^limination  des  edge  tones,  d 
I'aide  d'un  moyen  simple,  tel  que  la  gaze  utili- 
s€e  ici,  permet  de  mettre  en  Evidence  des  coupla- 
ges  entre  modes  de  structure  et  ph^nomdnes  aero- 
dynamiques  instationnaires,  qui  ne  sont  pas  d€ce- 
lables  sans  Elimination  du  bruit  des  parois. 


Il  y a lieu  de  noter  que  les  CN  de  diver- 
gences des  r locales  diminuent  avec  M et  se  si- 
tuent  entre  0,4  et  0,0  alors  que  les  CN  de  pitch 
up  (figure  6)  croissent  avec  M et  sont  nettanent 
supErieurs  (CN  le  0,3  d 1,1)  aux  portsmces  aux- 
quelles  les  pr  midres  manifestations  de  dEcolle- 
ments  sur  les  phEnomdnes  instationnaires  locaux 
apparaissent. 

CONCLUSIONS 

Les  fluctuations  de  pression  de  la  veine 
transsonique  de  la  scufflerie  S2MA  prEsentent  des 
zones  de  frEquences  privilegiEes  d forte  Energie 
sonore  dues  aux  perturbations  cu:oustiques  engen- 
drEes  par  les  perforations  des  pai'ois  horizontales 
de  la  veine  d'essais.  L' application  d'une  gaze 
sur  les  parois  d'origine  permet  d'Eliminer  tota- 
leaent  les  edge  tones  et  de  ramener  le  bruit  d 
un  niveau  rEpondant  aux  apEcif ications  requises 
pour  le  projet  LEHPT. 


La  diffErence  de  perception  des  perturbations 
acoustiques  par  les  pressions  instationnaires 
selon  que  I'essai  est  effectuE  en  transition  natu- 
relle  ou  en  transition  dEclenchEe  fait  ressortir 
1' importance  de  I'Etat  de  la  couche  limite  avant 
choc.  Il  serait  done  nEcessaire  de  ccmplEter  les 
rEsultats  prEsentEs  par  des  essais  d des  nombres 
de  Reynolds  plus  ElevEs,  tels  qu'en  transition 
naturelle  la  transition  de  couche  limite  soit 
situEe  nettenent  en  amont  des  chocs.  Pour  les 
m^es  raisons,  il  serait  souhaitable  d' examiner 
si  1' influence  du  bruit  est  spEcifique  du  type 
de  profil  EtudiE  et  si  les  susceptibilitEs  au 
nombre  de  Reynolds  et  au  niveau  de  bruit  sont 
liEes. 
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UNSTEADY  BOUNDARY  LAYERS. 
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Demetrl  P.  Tellonis 

Department  of  Engineering  Science  & Mechanics 
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Blacksburg.  Virginia  24061  USA 

SUfWARY 

The  area  of  unsteady  boundary  layers  Is  Investigated  very  actively  today  as  a part  of  the 
effort  to  fully  understand  and  calculate  unsteady  flows  and  their  applications.  As  a result 
a number  of  review  articles  has  already  appeared  quite  recently./^  The  present  review  Is  there- 
fore a supplement  to  earlier  contributions  and  In  particular  one  prepared  two  years  ago  by  the 
author  of  this  paper.  Emphasis  will  be  given  here  to  areas  In  which  considerable  progress  has 
been  achieved  recently.  However  It  appears  that  In  most  of  the  Interesting  areas  today,  as 
for  example  In  experimental  Investigation  of  unsteady  turbulent  boundary  layers,  modeling  of 
unsteady  separation  and  separated  flows,  all  the  Investigators  are  presently  continuing  their 
efforts.  There  Is  no  particular  program  that  has  been  completed.  This  review  article,  there- 
fore. will  be  a kind  of  a unified  progress  report  which  will  hopefully  capture  the  spirit  of 
the  work  In  progress  In  different  countries  of  the  western  world  and  will  Identify  potential 
difficulties  and  future  needs. 

1 . INTRODUCTION 

Potential  flow  theory  has  been  an  Invaluable  tool  for  the  designer  In  a variety  of  engineering  appli- 
cations of  aerodynamics.  It  Is  well  known,  however,  that  this  has  been  possible  only  via  appropriate 
heuristic  assumptions,  as  for  example  the  Kutta-Joukowski  condition,  which  replaces  the  catalytic  role 
played  by  viscosity.  Alternatively  potential  theory  may  be  supplemented  with  a boundary- layer  calcula- 
tion. Today  It  Is  widely  accepted  that  viscous  effects,  although  very  often  confined  In  small  areas, 
control  and  regulate  basic  features  of  the  flow  field,  as  for  example,  circulation.  As  a result,  aero- 
dynamic characteristics  of  significant  engineering  Importance,  like  lift  and  drag,  depend  on  the  devel- 
opment of  a viscous  layer  and  Its  downstream  fate  which  may  or  may  not  experience  transition  to  turbu- 
lence and  separation  to  a wake. 

In  unsteady  aerodynamics  viscosity  has  again  reserved  for  us  some  unexpected  surprises.  It  Is  the 
agent  responsible  for  phenomena  that  cannot  be  predicted  or  explained  with  potential  theory  and  quasi- 
steady viscous  models.  Some  typical  examples:  dynamic  stall  of  lifting  surfaces,  stall  flutter  of 
helicopter  rotor  blades,  rotating  stall  In  engine  compressor  blades,  etc.  Most  of  such  phenomena  can 
be  attributed  to  the  nonlinear  character  of  the  viscous  layers  that  generate  space  and  time  phase  dif- 
ferences. non-Ilnear  secondary  streaming,  separation  delay,  viscfus  damping,  etc. 

As  of  today,  efforts  have  been  mostly  confined  to  first  order  theories  and  very  few  attempts  have 
been  made  to  assess  the  Importance  of  the  Interaction  between  the  unsteady  viscous  and  Inviscid  fields. 

The  problem  becomes  even  more  difficult  If  the  elastic  properties  of  the  aerodynamic  surfaces  and  their 
coupling  with  the  aerodynamics  Is  brought  Into  play.  In  this  paper  we  will  be  exclusively  concerned 
with  the  response  of  the  viscous  part  of  the  flow  to  fluctuations  Imposed  externally.  Me  will  there- 
fore exclude  unsteady  effects  that  may  be  generated  hydrodynamically.  as  for  example  windloads  on  bluff 
bodies  that  for  a certain  range  of  Strouhal  numbers,  experience  side  forces  alternating  In  sign.  We 
will  not  deal  with  the  very  Important  area  of  coupling  between  the  aerodynamic  and  elastic  forces.  More- 
over. In  the  spirit  of  this  symposium  and  the  Interests  of  AGARD.  we  will  confine  our  attention  to  exter- 
nal flows  with  the  exception  of  special  cases  where  work  has  been  very  successful  and  the  results  appear 
to  have  global  significance. 

The  present  author  was  Invited  only  a few  years  ago  to  prepare  a similar  review  article*.  The  oppor- 
tunity to  return  and  prepare  a new  paper  on  the  topic  Is  mostly  welcomed.  Clearly  the  responsibility  to 
cover  Inclusively  all  the  basic  areas  Is  now  greater,  since  overlooking  twice  an  important  contribution 
would  be  Inexcusable.  However  the  present  article  should  have  Its  own  character  and  goals  and  such 
earlier  contributions  will  be  Included  only  If  their  context  Integrates  smoothly  with  the  material  of  the 
following  section.  The  tremendous  amount  of  publications  and  of  course  the  Inevitable  delay  In  the  pub- 
lication of  an  article,  make  It  almost  necessary  In  our  times  to  resort  again  to  private  coMwnIcatlon. 

This  has  been  pursued  very  actively.  Omission  of  some  most  recent  contributions  Is  however  Inevitable. 

At  first  It  was  thought  that  It  would  be  more  appropriate  to  group  the  material  according  to  the 
different  methods  of  attack.  Certainly  It  would  appeal  more  to  the  Investigators.  If  separate  sections 
were  devoted  to  numerical  methods,  analytical  meth^s.  experimental  methods,  etc.  The  geometrical 
features  of  the  problem  could  also  be  a good  criterion  for  grouping  the  material.  However  It  was  decided 
Instead  to  adopt,  with  some  minor  adjustments,  the  section  headings  used  In  the  earlier  review  of  the 
present  author'.  This  will  preserve  the  continuity  and  will  make  the  present  article  a supplement  of  the 
earlier  one. 

Some  very  Interesting  earlier  papers  were  brought  to  the  attention  of  this  author  after  the  publica- 
tion of  Ref.  1.  Excellent  review  articles  have  In  fact  appeared  earlier  containing  a lot  more  Infr  wtlon 
on  the  topic*-®.  In  the  present  article  It  will  not  be  attempted  to  give  a complete  account  of  contribu- 
tions In  the  area.  It  will  be  pursued  to  present  a picture  of  today's  state  of  the  art  by  listing  and 
connentlng  upon  the  most  recent  successful  efforts  and  Identifying  the  needs  for  further  research. 

In  the  past  two  years,  little  has  been  done  in  the  area  of  transient  viscous  flows  and  a section  on 
this  topic  will  not  be  Included  here.  In  the  second  section  of  this  paper  we  will  examine  oscillating 
flows  but  we  will  concentrate  more  on  oscillations  with  a non-vanishing  mean.  More  emphasis  will  now  be 
given  to  compressible  flows  and  unsteady  heat  transfer.  In  the  third  section  we  will  discuss  the  problem 
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of  modeling  fluctuating  turbulent  flows  which  has  been  attacked  vigorously  In  the  last  few  years.  Finally 
In  the  last  section  we  will  consider  the  problem  of  unsteady  separation  and  unsteady  separated  flows. 

The  topics  of  the  last  two  sections  have  finally  stimulated  the  Interest  of  experimentalists  and  we  can 

report  today  on  some  Initial  data  that  have  already  become  available. 

2.  LAMINAR  FLUCTUATING  BOUNDARY  LAYERS 

It  Is  believed  that  the  problem  of  finding  the  response  of  a two-dimensional  laminar  boundary 
layer  to  fluctuations  of  the  outer  stream  Is  today  solved  and  adequately  understood.  A variety  of  ana- 
lytical methods  has  been  used  to  attack  this  problem:  a)  Asymptotic  expansions  In  powers  of  a small  am- 
plitude (Llohthlll’);  b)  Averaging  methods  similar  to  the  classical  treatment  of  turbulent  boundary 
layers  (Lln^*));  c)  Expansions  In  powers  of  a frequency  parameter  (Moore^M;  d)  Numerical  methods  solv- 
ing exactly  the  problem  In  a three-dimensional  coordinate  space'>^.  A great  number  of  publications  that 
follow  the  above  guidelines  has  appeared  already  In  this  area  (see  recent  reviews  In  Refs.  1,  5-7). 

Some  of  the  advantages  and  disadvantages  of  these  methods  are  enumerated  below.  In  the  first  cate- 

gory, following  Llghthlll,^  the  assumption  of  a small  amplitude  automatically  restricts  the  method  to 
flows  with  external  disturbances  smaller  than  10X  of  the  mean  flow.  To  Improve  the  accuracy  one  would 
have  to  proceed  to  terms  of  order  where  e Is  the  amplitude  ratio.  Surprisingly  enough,  none  of  the 
Investigators  listed  In  Ref.  1 has  attempted  this  type  of  an  expansion.  Instead  the  problem  was  further 
simplified  by  expanding  In  powers  of  a frequency  parameter  or  Its  Inverse.  Such  methods  are  thus  limited 
to  extreme  values  of  frequency.  The  technique  of  expanding  In  powers  of  e Is  however  quite  versatile 
and  Its  capabilities  and  possible  extensions  will  be  comnented  upon  later  In  this  section. 

The  second  and  third  method,  following  Lin*®  and  Moore**  respectively,  has  not  been  pursued  further 
adequately.  They  are  both  limited  to  large  or  small  values  of  the  frequency  parameter  only.  The  fourth 
method,  that  Is  numerical  calculations  In  the  three-dimensional  coordinate  space  (x,  y and  t)  Is  per- 
haps the  most  unambiguous  and  accurate  method  but  suffers  from  the  need  of  large  computer  sotrage  and 
time.  The  literature  In  this  area  has  been  adequately  surveyed  very  recent1y*>®'®  and  It  was  decided 
here  not  to  reference  earlier  publications  again. 

It  Is  the  opinion  of  the  present  author  that  most  of  the  engineering  problems  of  today  can  be 
treated  effectively  with  an  expansion  method  of  the  type  described  under  the  first  category.  Compared 
to  the  exact  numerical  solutions  that  require  storage  of  Information  In  a two-dimensional  space,  this 
method  requires  Information  stored  In  two  or  three  columns  only.  Moreover  It  provides  physical  Insight 
that  will  guide  the  Investigator  to  avoid  basic  conceptual  erros  as  It  will  be  described  In  the  pre- 
sent and  the  next  sections. 

Very  few  Investigators  attempted  experiments  In  this  area  but  the  work  of  Hill  & Stennlng*^  Is 
quite  extensive  and  perhaps  adequate.  The  problem  Is  straightforward  and  Its  physics  Is  well  under- 
stood. In  fact  all  of  the  basic  trends  like  velocity  overshoots,  phase  advances  or  delays,  etc.,  are 
quite  accurately  predicted  by  almost  all  of  the  analytical  methods.  Therefore  today  the  problem  of  two- 
dimensional  Incompressible  oscillations  Imposed  on  laminar  boundary  layers  does  not  pose  any  conceptual, 
physical  or  methodological  difficulties  and  Is  considered  a test  case  for  Investigators  who  Intend  to 
attack  more  complex  situations.  In  this  subsection  most  recent  contributions  will  be  referenced,  some 
minor  physical  pecularltles  disclosed  recently  will  be  described  and  some  comments  on  the  validity  of 
the  available  mathematical  models  will  be  made. 

Oscillations  of  Incompressible  Flows 

Patel*®  recently  considered  the  problem  of  laminar  fluctuations  generated  by  a system  of  vor- 
tices that  are  being  convected  downstream  with  a speed  Q = 0.77Un  where  Ug  Is  the  velocity  of  the  outer 
mean  flow.  This  corresponds  to  an  outer  flow  velocity  distribution  of  the  form 

Ug(x,t)  - Uo  + Ui(x)e^“^'’'*/‘^^  (2.1) 

with  Uo  • const,  Ui  a linear  function  of  x,  and  Q the  velocity  of  the  traveling  wave.  Patel's  ex- 
perimental Investigation  provides  velocity  and  phase  shift  profiles  for  reduced  frequencies  of  0.314 
up  to  1.57.  He  finds  that  the  mean  flow  Is  unaffected  by  the  outer  flow  fluctuations  which  should  be 
expected  since  his  e^Ui/Uq  Is  less  than  10X.  It  appears  however  that  other  experimentalists  (Hill  A 
Stenning**,  Karlsson***)  the  latter  for  turbulent  flows,  reported  the  same  finding  for  a stationary 
wave  and  for  amplitudes  of  oscillations  up  to  30*  of  the  main  flow.  According  to  the  asymptotic 
theory*,  the  correction  to  the  mean  flow  will  appear  In  the  terms  of  order  e^.  For  e • 0.3  we  should 
therefore  expect  a contribution  approximately  equal  to  10*  of  the  mean  flow.  Such  deviations  from 
the  quasi-steady  solution  should  be  experimentally  detectable.  The  only  available  numerical  calcula- 
tions*® Indicate  that  the  actual  values  of  the  streaming  terms,  I.e.  the  non-fluctuating  coefficients 
of  the  term  that  multiplies  e^  In  the  series  expansion  are  Indeed  rather  small.  If  this  Is  true, 
then  the  problem  would  be  simplified  considerably,  except  perhaps  In  the  neighborhood  of  separation. 

In  the  same  paper  Patel  describes  an  extension  of  Llghthlll's  method  which  appears  to  give  results 
comparing  favorably  with  the  experimental  data  for  extreme  values  of  the  frequency  parameter.  Patel's 
experimental  velocity  profiles  Indicate  overshoots  of  the  order  of  magnitude  of  50*  or  even  60*  and 
undershoots,  or  In  his  terminology,  "dips"  of  the  profiles  of  the  order  of  10*  or  20*.  He  also  demon- 
strates some  peculiar  features  of  the  flow  In  the  neighborhood  of  ux/Uo  1.  This  behavior  Is  Illus- 
trated In  F1g.  1 where  wall  phase  lag  of  velocity  fluctuations  for  traveling  wave  and  pure  time  depen- 
dent oscillations  as  functions  of  the  frequency  parameter  are  shown. 

In  Ref.  1 the  present  author  Included  an  alert  with  regard  to  the  validity  of  the  mathematical 
models  coainonly  used.  The  differential  equations  that  govern  the  steady  streaming  terms  were  explicitly 
displayed  but  no  solutions  were  available  at  this  time.  Numerical  solutions  of  the  streaming  equations 
have  appeared  most  recently*®"*^.  Some  basic  equations  are  repeated  here  from  Ref.  15  In  order  to 
clarify  some  aspects  of  the  problem. 
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For  an  outer  flow  velocity  distribution  given  by 

Ue  * 1^0  + f Uie^“^  + + ...  + CC  (2.2) 

where  U^'s  are  real  functions,  u Is  the  frequency  of  the  oscillation,  e Is  a small  dimensionless 
parameter  and  CC  stands  for  the  complex  conjugate  of  the  preceding  quantity,  the  properties  of  the 
shear  layer  are  assumed  In  the  form 

f * ^0  ♦ f ♦ Tie‘^“^)  + ^ ♦ c^f^  + ...  (2.3) 

In  the  above  equation  f may  represnet  the  velocity  components  u,  v,  the  pressure  p,  or  the  tempera- 
ture T,  and  an  overbar  denotes  the  complex  conjugate. 

Substitution  of  such  expressions  in  the  Navler-Stokes  equations  and  collection  of  like  powers  of 
E generates  sets  of  differential  equations  that  can  be  solved  successively.  For  the  zeroth  order  quan- 
tities, uq,  Vq,  Po.  It  can  be  easily  shown  that  the  problem  reduces  to  the  classical  steady  state  boun- 
dary-layer equations  provided  that  the  Reynolds  number  Rq  = UqL/v  Is  very  large.  Here  L Is  a typical 
length  of  the  problem  and  v Is  the  kinematic  viscosity. — — 

Collection  of  terms  of  order  e then  yields  r-T  — 


iwui  ♦ Uo  + u,^ 


* ''0  W 


s^ui  a^uij  30*  - 1/ 

f 

V.,  • 3Vi  J J / 

avo  , api  a^vi  a^vj  I 20*  - p 

-p  aT"'’ A 

^ I - 150 

In  these  forms  the  above  equations  represent  / 

a linear  elliptic  disturbance  to  the  boundary  layer  j /yyO 3 

equations.  The  thickness  of  the  oscillatory  layer,  lo*  -I  ~ 100 

caronly  known  as  a Stokes  layer.  Is  of  the  order  of  n 

•'vTu  and  for  most  practical  applications.  It  Is  very  ( 

small.  The  ratio  of  the  Stokes  layer  thickness  to  | - 50* 

the  thickness  of  the  mean  boundary  layer  is  therefore  / 

«i/«o  * {Uo/“l-)*'^  *"<1  this  number  Is  small,  then  , y 

the  boundary-layer  assumption  can  be  recalled  In  0 t- 1 1 1 

order  to  arrive  at  the  familiar  boundary  layer  form  10  2.0  3.0 

of  Eqs.  (2.4-6).  For  a specific  situation  this  con- 
dition provides  a lower  bound  for  u.  The  boundary  ■ Uf.X 

layer  approximation  Is  applicable  provided  that  the  Uqo 

external  disturbance  amplitude,  UWx),  Is  a smooth  i 

J in  CebecliS;  .,  Ackerberg  and  Phnips3-;  B.  Travel- 

S .in  Wave,  Uo  + Uj  cos  (»t-kx):  Patel^^:  „ . experl- 

Other  terms  of  the  equation  and  the  problem  must  be  ^ iJL 

treated  as  an  ellipse  one.  • * frequency  approxlma- 

In  the  case  considered  by  Patel *3,  the  traveling  wave  has  a wave  number  equal  to  u/Q  and  a wave- 
length equal  to  2iiQ/u.  It  therefore  appears  that  the  validity  of  the  boundary  layer  form  of  the  equa- 
tions that  govern  the  fluctuating  part  of  the  flow  Imposes  an  upper  bound  on  u as  well.  For  example  for 
Q/Uo  ■ 0.7  which  1s  a consequence  of  Patel's  experimental  set  up  and  for  L n.  O.OSm  and  Uo  * lOm/sec  even 
uL/Uq  'V  10  gives  a wavelength  equal  to  0.02m  which  could  be  of  the  same  order  of  magnitude  with  the  mean 
boundary  layer  thickness. 

Collecting  the  non-fluctuating  terms  of  order  e^,  that  Is  the  steady-streaming  terms  we  arrive 
again  at  a set  of  elliptic  linear  differential  equations  of  a form  quite  similar  to  Eqs.  (2.4-6).  Stuart^ 
has  Indicated  that  for  no  mean  flow,  uq  • Vg  ■ o,  the  streaming  terms  do  not  attain  the  free  stream  value 
at  the  edge  of  the  Stokes  layer.  Following  Stuart's  line  of  thought*’  we  can  arrive  at  the  conclusion 
that  the  ratio  of  the  streaming  layer  thickness  to  the  fluctuating  layer  thickness  Is  <s/4i  * uL/Uq  and 
therefore  the  streaming  Reynolds  number  should  be  defined  as  Rj  • (WUj)*/^.  To  derive  the  boundary 
layer  form  of  the  streaming  equations  we  need  to  assume  that  Rj  Is  large.  However  at  this  level  of  ap- 
proximation we  may  find  that  terms  neglected  at  the  zeroth  order  level  may  be  comparable  to  the  stream- 
ing terms  If  the  product  e’Ro,  with  Rq  the  mean  flow  Reynolds  number.  Is  of  order  one.  The  complete  form 
of  the  streaming  boundary- layer  equations  then  Is 
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In  this  equation  all  the  symbols  represent  dimensionless  quantities  and  R denotes  the  real  part  of  the 
expreslon  that  follows.  Fig.  2 shows  streaming  velocity 
profiles  for  oscillatory  Howarth  flow*^.  It  appears 
that  next  to  the  wall  and  for  adverse  pressure  grad- 
ients the  secondary  flow  Is  opposing  the  mean  flow 
and  eventually  closes  a loop  to  form  an  elongated 
vortex. 

To  account  for  nonlinear  phenomena  and  the  res- 
ponse of  the  boundary  layer  to  large  amplitude 
oscillations  one  may  have  to  resort  to  numerical 
solutions  of  the  equations  In  their  nonpertubed  form. 

Such  calculations  have  been  performed  for  amplitudes 
as  high  as  60*  of  the  mean  flow^®.  There  are  how- 
ever methods  of  expansion  In  powers  of  the  frequency 
parameter  alone,  that  permit  the  Investigation  of 
such  nonllnearltles.  This  has  been  accomplished  for  N 

geometries  that  accept  self-similar  solutions  to  the 
steady  part  of  the  flow  by  Moore**,  King *3  and 
Ped1ey3®.  The  last  author  was  able  to  calculate 
velocity  profiles  that  for  a short  fraction  of  the 
period  reverse  and  generate  a thin  layer  of  upstream 
flow.  Pedley's  analysis  Is  confined  to  amplitudes 
of  oscillations  smaller  than  the  absolute  value  of 
the  mean  flow.  This  restriction  however  Is  waived 
for  very  large  amplitudes  of  oscillations.  In  this 
case  one  may  also  employ  the  method  of  averaging 
originally  Introduced  by  Lin*®.  The  characteristic 
property  of  such  flows  Is  that  the  fluctuating  part 
of  the  motion  Is  Independent  of  the  geometrical  con- 
figuration and  the  distribution  of  the  mean  velocity 
of  the  outer  flow.  Schneck  and  Walburn^*  used  an 
: Iterative  method  to  study  the  streaming  effects  In  a 
closed  but  smoothly  expanding  tube.  They  found  that  ° 

the  secondary  motion  opposes  the  motion  next  to  the 
walls  and  therefore  essentially  Increases  the  mass 
flow  In  the  central  part  of  the  tube. 


The  Effects  of  Compressibility 


Fig.  2.  Steady  Streaming  profiles  for  oscillatory 
flow*®  with  the  outer  flow  velocity  g1v“n  by 
Ue=  1-s.  Here^..x  ^ 


Unsteady  compressible  flows  were  not  reviewed  extensively  earlier*  and  a more  complete  account  of 
the  work  In  this  area  Is  given  In  this  section.  Moore**  was  first  to  consider  the  unsteady  laminar  com- 
pressible boundary  layer  over  an  Insulated  surface.  He  studied  the  case  of  continuous  time-dependent 
velocities  of  the  body  and  presented  universal  functions  from  which  the  deviations  of  the  velocity  and 
temperature  profiles  from  the  quasi -steady  state  can  be  determined.  Ostrach^^  and  later  Moore  and 
0strach33  extended  the  theory  to  Include  the  effects  of  heat  transfer  but  confined  their  attention  to 
flat  plate  flows  only.  The  momentum  equation  can  then  be  uncoupled  from  the  energy  equation  and  the  fact 
that  the  outer  velocity  has  no  space  gradient  further  simplifies  the  problem.  Illingworth^'*  also  consid- 
ered a flat  plate  and  studied  the  effect  of  high' wall  temperatures  on  skin  friction  and  heat  transfer  due 
to  sound  waves  carried  by  the  main  stream.  This  was  actually  the  first  paper  that  treated  the  case  of 
fluctuating  compressible  outer  flows  In  the  form  of  an  acoustic  wave  which  accounts  for  fluctuations  In 
the  velocity  and  temperature  but  corresponds  to  a vanishing  mean  pressure  gradient. 


It  should  be  emphasized  here  that  for  compressible  flows  the  two  problems  of  fixed  bodies  In  os- 
cillating flows  or  oscillating  bodies  In  steady  uniform  flows  cannot  be  treated  mathematically  through 
the  same  model.  In  other  words  It  Is  not  possible  to  derive  one  flow  field  from  the  other  by  a 
simple  transformation  of  the  frame  of  reference.  This  Is  due  to  the  fact  that  the  Inertia  term  Intro- 
duced when  transforming  the  coordinate  system  to  match  one  case  with  the  other.  Involves  the  term 
p 3Ue/3t  In  the  one  case  and  p3Ufl/3t  In  the  other  case  where  p,  Ug  and  t are  the  density,  the  edge  veloc- 
ity and  time  respectively.  The  two  effects  are  equivalent  only  If  p • p^.  Grlbben^^.^e  considered 
the  flow  In  the  neighborhood  of  a stagnation  point,  which  accounts  for  pressure  gradient  effects,  al- 
beit In  a narrow  sense.  Gribben  was  mainly  Interested  In  the  effects  of  a very  hot  surface  and  there- 
fore assumed  constant  outer  flow  density  and  temperature.  Vimala  and  Nath^'*  presented  most  recently 
a quite  general  numerical  method  for  solving  the  problem  of  compressible  stagnation  flow. 

Flows  with  nonvanishing  mean  pressure  gradients,  for  example  flows  about  wedges,  were  considered 
first  by  Sarma34.  Sarma  employed  double  expansions  In  powers  of  the  distance  along  the  wall  and  time. 
However,  he  studied  only  Impulsive  changes  of  the  outer  flow.  This  Introduces  a considerable  simpli- 
fication since  fluctuations  In  velocity  and  pressure  are  missing  from  the  outer  flow  which  Is  thus 
rendered  Isenthalpic.  To  clarify  this  point  let  us  consider  the  governing  equations  for  two-dimensional 
or  axisymmetric  laminar  compressible  boundary-layer  flow 


(2.9) 
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In  the  above  equations  u,  v and  x,  y are  the  velocity  components  and  the  distances  parallel  and  perpen- 
dicular to  the  wall,  p,  p and  T are  the  density,  pressure  and  temperature,  and  Cp,  p and  Pr  are  the 
specific  heat  for  constant  pressure,  the  viscosity  and  the  Prandtl  number  respectively.  The  quantity 
r = r(x)  defines  the  body  of  revolution  for  axl -symmetric  flow  and  j takes  the  values  0 and  1 for  two- 
dimensional  and  axl symmetric  flow  respectively.  The  above  system  can  be  closed  If  we  specify  the  equa- 
tion of  state:  assutiming  for  example  the  gas  to  be  perfect 

p = pRT  (2.12) 

The  boundary  conditions  require  for  a fixed  wall  with  no  suction 

u = v = 0 aty  = 0 (2.13) 

T = T^  at  y = 0 (2.14) 

while  at  the  edge  of  the  boundary  layer  the  flow  joins  smoothly,  within  the  boundary-layer  approxima- 
tion, with  the  outer  flow 

u - Ue,  T Tg  as  y - - (2.15) 

where  the  subscript  e denotes  properties  of  the  outer  flow. 

The  outer  flow  distributions  cannot  be  prescribed  arbitrarily  as  In  the  case  of  Incompressible 
flow.  The  outer  flow  pressure,  velocity,  density  and  temperature  distributions  must  be  compatible  and 
should  satisfy  the  following  equations 
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and  the  equation  of  state,  Eq.  (2.12).  For  Incompressible  flow  any  distribution  of  the  outer  flow 
velocity  corresponds  to  the  evaluation  at  y * 0,  that  Is  the  Inner  limit,  of  some  potential  flow. 

For  compressible  flow,  one  may  choose  arbitrarily  the  distribution  of  one  of  the  quantities  p,  pe,  Ue, 

Tg.  The  other  three  quantities  should  be  calculated  from  the  system  of  Eqs.  (2.12,  16  and  17).  The 
reader  should  notice  now  In  Eq.  (2.17)  that  for  unsteady  compressible  flow  the  total  enthalpy  Is  not 
constant  but  fluctuates  with  the  time  derivative  of  the  pressure. 

In  Sarma's  work^®  the  outer  flow  velocity  and  temperature  distributions  are  given  an  Impulsive 
change  and  for  t > 0 both  functions  are  constants.  As  a result  the  right  hand  side  of  equation  (2.17) 

Is  zero,  the  outer  flow  enthalpy  Is  constant  and  the  pressure  does  not  vary  with  time.  King*®  also 
considered  wedge  flows,  but  only  for  the  case  of  hypersonic  flow.  In  this  particular  case  the  outer 
flow  velocity  may  be  assumed  constant  and  only  pressure  fluctuations  have  to  be  taken  Into  account. 

King's  work  Is  nevertheless  quite  Interesting  as  It  presents  a perturbation  method  Independent  of  the 
small  amplitude  assumption.  Tellonis  & Gupta^®  have  studied  the  fluctuating  compressible  flow  over  a 
wedge  or  a cone  but  for  the  very  special  case  of  a wall  temperature  equal  to  the  adiabatic  wall  tempera- 
ture. This  Is  perhaps  the  first  attempt  to  study  a flow  with  nonzero  pressure  gradients  and  purely  un- 
steady outer  flow  conditions.  For  this  flow  enthalpy  ceases  to  be  constant  and  varies  proportionally  to 
the  time  derivative  of  the  pressure.  However  In  this  work^®  the  enthalpy  variations  are  of  one  order 
of  magnitude  higher  than  the  level  of  the  terms  retained.  Moreover  the  simplifying  assumptions  are 
quite  restrictive  since  the  solution  Is  valid  for  a conducting  wall  with  a temperature  equal  to  the 
adiabatic  temperature. 

In  a later  publication®®,  the  same  authors  consider  a more  general  class  of  problems  by  assuming 
arbitrary  wall  temperatures  and  velocity  distributions  that  correspond  to  wedges  and  cones.  The  phys- 
ical picture  appears  to  be  very  interesting.  A wedge  that  fluctuates  In  orientation  forces  the  attach- 
ed shock  wave  to  continuously  change  Its  slope  with  the  same  period.  This  message  however  travels  with 
the  speed  of  sound  along  the  shock  and  as  a result  the  shock  wave  Is  not  straight  but  wavy.  The  flow 
behind  the  shock  is  not  isentropic  but  homoentropic.  Closer  to  the  skin  of  the  wedge  the  velocity 
varies  with  time  and  the  enthalpy  again  fluctuates.  This  time  however  the  fluctuation  occurs  along  a 
streamline  as  well  since  the  pressure  varies  with  temperature  as  Eq.  (2.17)  Indicates. 

The  Effects  of  Heat  Transfer  and  Three-Dimensionality 

Heat  transfer  effects  were  considered  quite  early  and  In  fact  some  of  the  earlier  contributions 
have  slipped  the  attention  of  the  present  author®.  Sparrow  and  Gregg®®  studied  the  compressible  flow 
over  a flat  plate  and  proposed  series  expansions  similar  to  those  of  Moore®®.  In  Refs.  11  and  23  the 
deviations  from  the  quasi-steady  flow  due  to  slow  variations  of  the  outer  flow  velocity  were  investi- 
gated while  in  Ref.  22  a steady  flow  was  assumed  and  the  effect  of  slow  variations  of  wall  tempera- 
tures was  investigated.  More  recently  Watkins®®  looked  into  the  classical  problem  of  impulsive  motion 
over  a flat  plate  and  extended  the  theory  to  include  impulsive  temperature  changes.  Similar  experi- 
mental and  theoretical  studies,  again  for  the  flat  plate  and  including  the  effects  of  conduction  and 
radiation  were  reported  by  Karvinen®®.  However  this  study  is  confined  to  transient  flows.  Heat  trans- 
fer rates  were  also  calculated  In  the  special  case  considered  in  Ref.  27  as  a deviation  from  the  adiabatic 
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flow  and  then  again  in  Ref.  28  for  a more  general  situation  when  the  temperature  of  the  wall  Is  pre^ 
scribed. 


The  present  author  and  one  of  his  associates'^  reconsidered  laminar  Incompressible  flows  and  via 
asymptotic  expansions  of  the  form  presented  in  this  section.  Investigated  the  effects  of  hot  and  cold 
wall  temperatures  and  for  the  first  time  dissipation,  on  heat  transfer  rates.  It  Is  Interesting  to 
note  here  that  a typical  nonlinear  streaming  phenomenon  appears  again.  The  differential  equation  for 
the  temperature  Is  of  course  linear  but  the  nonlinear  terms  of  the  velocity  field  feed  energy  Into  the 
temperature  field  and  thus  generate  a steady  component  of  temperature  In  excess  of  the  average  quasi- 
steady temperature  profile.  More  specifically,  assuming  that  the  temperature  Is  expanded  according  to 
Eq.  (2.3)  the  streaming  component  of  energy  satisfies  the  equation 

9T,  3T  3Tg  aTg  , 1 9^Tg  3Uo  3U^  1 3Ug  ^ 
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where  Pr  and  Ec  are  the  Prandtl  and  Eckert  numbers  respectively.  The  streaming  terms,  ug  and  Vg,  In- 
fluence the  convective  and  dissipative  part  of  the  process.  From  the  physical  point  of  view  the 
phenomenon  is  perhaps  of  considerable  Importance.  It  appears  that  Imposed  velocity  fluctuations  may 
result  In  Increased  rates  of  heat  transfer  as  compared  to  quasi-steady  values.  Unfortunately  the 
analysis  in  Ref.  17  is  confined  to  small  amplitude  of  oscillations  and  as  a result  the  domain  of  large 
deviations  from  the  mean  cannot  be  Investigated.  However,  the  phenomenon  may  have  Interesting  engin- 
eering applications  since  larger  amplitudes  of  oscillation  may  result  In  substantial  changes  of  the 
mean  heat  transfer. 


The  numerical  analysis  of  the  problem* ^shows  that  temperature  profiles  do  not  have  monotonic  deriv- 
atives, much  like  the  curves  shown  In  Fig.  1.  Such  "wiggly"  variations  may  have  been  Inherited  from  the 
velocity  field  and  appear  even  for  large  values  of  the  frequency  parameter.  In  fact  the  asymptotic 
values  are  approached  in  a damped  oscillatory  fashion,  as  observed  earlier  for  the  velocity  field  by 
Ackerberg  and  Phillips^'*.  This  behavior  was  attributed  to  the  neglect  of  Initial  conditions  upstream 
at  x=0,  which  are  transmitted  downstream  by  exponentially  small  oscillatory  eigenfunctions.  Ackerberg 
and  Phillips  have  verified  this  by  numerical  experiments  and  by  fitting  numerical  results  to  some  eigen- 
functions determined  by  Lam  and  Rott^^.  However  there  is  some  controversy  with  regard  to  the  correct- 
ness of  the  eigenfunctions  determined  by  Lam  and  Rott  because  the  eigenfunctions  of  higher  order  appear 
to  grow  faster  than  the  eigenfunctions  of  lower  order.  Brown  and  Stewartson^®,^^  proposed  a dif- 
ferent set  of  eigenfunctions  based  on  the  physical  argument  that  the  outer  Blaslus  flow  controls  the 
motion,  rather  than  the  Inner  Stokes  flow  and  that  signals  from  the  leading  edge  propagate  downstream 
with  finite  velocity.  For  more  details  the  reader  may  look  Into  the  papers  referenced  as  well  as  the 
review  article  of  Riley®.  The  present  paper  is  confined  here  to  give  hospitality  to  Ackerberg's  re- 
buttal. Ackerberg^^  maintains  that  the  argument  of  Brown  and  Stewartson  makes  no  physical  sense  be- 
cause the  flow  under  consideration  Is  absolutely  periodic  In  time  and  has  been  so  for  an  Infinite 
amount  of  time.  There  are  no  transient  signals  emanating  from  the  leading  edge,  just  absolutely 
periodic  ones.  Therefore,  every  point  In  the  flow  downstream  of  the  leading  edge  has  been  "aware"  of 
the  periodic  conditions  at  the  leading  edge  for  an  Infinite  amount  of  time.  If  the  conditions  at  the 
leading  edge  are  not  periodic  In  time,  then  Stewartson's  argument  Is  probably  correct. 

It  Is  certainly  true  that  Lam  and  Rott's  eigenfunctions  are  not  very  useful,  but  that  Is  not  suf- 
ficient reason  to  doubt  their  validity.  There  are  several  possible  ways  by  which  Lam  and  Rott's  and 
Brown  and  Stewartson's  eigenfunctions  can  both  be  correct: 

1.  Asymptotic  expansions  are  not  always  unique. 

2.  Stewartson's  eigenfunctions  may  be  a different  (and  more  useful)  representation  of  Lam  and 
Rott's  eigenfunctions,  I.e.,  one  can  expand  an  eigenfunction  In  terms  of  another  set  of  eigen- 
functions. 

3.  A double  limit  Is  Involved  In  the  derivation  of  these  eigenfunctions.  Lam  and  Rott  have  ob- 

tained eigenfunctions  for  t first  and  then  x -►  «,  while  In  Refs.  36,  37  eigenfunctions  cor- 
respond to  X first,  followed  by  t ->-  •>.  Brown  and  Stewartson's  physical  argument  would 
then  apply  since  transient  signals  would  still  be  propagating  downstream  with  the  main  stream 
velocity  when  x - before  one  allows  t More  simply  stated,  the  limits  x -»■  « and  t •»  « 

are  not  comnutatlve. 


Although  the  problem  of  laminar  two-dimensional  oscillations  has  received  extensive  attention  In 
the  last  25  years  and  may  be  considered  solved,  very  little  has  been  done  to  extend  these  theories  to 
three-dimensional  flows.  A typical  example  where  such  flows  are  encountered  Is  the  helicopter  blade 
and  the  urgent  need  to  have  an  engineering  solution  to  the  problem  have  prompted  various  Investlga- 
tors99-‘>3  to  propose  approximate  solutions.  It  appears  that  a small  frequency  assumption  Is  acceptable 
for  this  problem  and  In  all  the  above  references  only  the  first  approximation  Is  derived  which  essentially 
corresponds  to  large  distances  from  the  center  of  rotation.  NcCroskey  and  Laggy***  Indicate  that  in 
this  case  the  spanwise  flow  is  Independent  of  the  crosswise  flow  and  proceed  to  Investigate  the  effects 
on  separation.  A transformation  to  treat  the  same  problem  and  In  particular  separation  was  proposed  by 
Young  and  Williams''^.  More  recently*''*  an  effort  has  been  made  to  capture  the  oscillating  components 
of  the  spanwise  flow  and  the  cross-flow.  This  could  be  considered  as  the  first  order  unsteady  correc- 
tion to  earlier  studies.  However  the  work  In  Ref.  44  Is  confined  to  the  flow  over  a yawed  but  Infinite 
cylinder  of  arbitrary  cross-section.  Some  of  the  results  are  quite  Interesting.  With  oscillations  of 
the  outer  flow  only  In  the  spanwise  direction.  It  appears  that  the  coupling  of  the  differential  equations 
allows  the  disturbances  to  be  transferred  to  the  cross  flow.  As  a result  cross  flow  fluctuating  pro- 
files are  generated.  No  attempt  has  been  made  to  attack  the  problem  for  more  general  situations. 

It  Is  the  opinion  of  the  present  author  that  numerical  solutions  In  the  space  of  4 Independent 
variables  (x,  y,  z,  t)  should  be  excluded,  at  least  for  the  time  being.  An  application  of  perturbation 
methods  will  be  necessary  and  we  feel  that  the  most  appropriate  would  be  an  extension  of  the  one  pro- 
posed for  two-dimensional  flow  by  Lighthlll’.  The  oscillatory  part  of  the  flow  then,  following  the 
notation  of  this  section,  would  be  governed  by  the  equations 
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(2.20) 

(2.21) 


Integration  of  the  system  of  steady  state  equations  that  govern  the  quantites  uqi  Vq  and  Wq  and  Eqs. 
(2.19-21)  can  proceed  numerically  In  the  three-dimensional  space  x.  y>  z for  a general  body  configura- 
tion and  for  a specific  value  of  the  frequency  u.  In  this  way  no  restriction  will  be  Imposed  on  the 
geometry  of  the  aerodynamic  surface  or  the  value  of  the  frequency  of  the  oscillation.  The  only  require- 
ment Is  that  the  amplitude  of  the  oscillation  Is  a small. 


Finally  we  should  emphasize  here  that  one  area  of  laminar  fluctuations  remains  almost  untouched. 
It  Is  the  problem  of  strong  Interaction  with  the  outer  Inviscid  flow.  The  author  Is  aware  that  an 
effort  In  this  direction  Is  under  way**^.  Moreover  a modest  attempt  to  Initiate  the  work  In  this  area 
has  already  appeared  In  print.  Afzal  and  Rlzvl"*®  studied  the  higher  order  boundary  layer  effects  for 
a transient  flow  In  the  neighborhood  of  a stagnation  point.  The  boundary  layer  equations  may  be  con- 
fining for  the  Investigation  of  such  problems.  Indeed  many  authors  have  employed  more  general  models 
Including  of  course  the  use  of  the  full  Navler  Stokes  equations.  A review  of  such  efforts  can  be 
found  In  Ref.  47. 


3.  TURBULENT  FLUCTUATING  BOUNDARY  LAYERS 

Interest  In  this  area  has  been  suddenly  revived  In  the  early  seventies.  As  a result  the  experi- 
mentalists were  caught  unprepared,  while  many  theoreticians  have  rushed  to  propose  a variety  of  solu- 
tions, extendlno  the  well  established  steady  flow  models  to  unsteady  flows  (see  earlier  review  of  the 
present  author^.  Some  of  the  Investigators  compared  their  theoretical  predictions  to  the  only  avail- 
able at  the  time  experimental  data,  those  of  Karlsson***.  The  agreement  In  most  cases  Is  not  very  sat- 
isfactory. The  profile  of  the  mean  flow*  Is  usually  predicted  with  reasonable  accuracy.  However 
theoretical  In-phase  and  out-of-phase  velocity  profiles  and  phase  advances  appear  to  deviate  very  much 
from  the  experimental  data.  Even  more  disheartening  Is  the  fact  that  unacceptable  disagreement  exists 
between  the  results  of  various  theoretical  methods.  The  necessity  for  more  experimental  Information 
has  emerged  more  and  more  urgent.  In  the  last  year  or  two  some  experimental  studies  have  started  ap- 
pearing. Therefore  It  Is  appropriate  to  start  this  section  with  a description  of  the  most  recent  experl 
mental  results. 


Recent  Experimental  Information 


If  a fluctuation  of  a specified  frequency  Is  Imposed  on  a turbulent  boundary  layer.  It  Is  necessary 
to  device  a method  of  Identifying  separately  the  organized  response  to  the  external  oscillation  and  the 
random  fluctuation  of  the  turbulent  field.  A method  to  Identify  experimentally  these  quantities,  albeit 
for  different  physical  situations.  Is  described  by  Acharya  and  Reynolds'*®,  Houdevllle  et.  al."*®, 
Schachenman  et.  al.®®  and  Soutif  et.  al.®^.  A triple  decomposition  Is  necessary.  A field  quantity  f Is 
decomposed  as  follows 

f-T+f  + f'  (3.1) 

In  this  expression  T Is  the  time  average  of  the  quantity  and  according  to  our  terminology,  the  mean. 

The  quantity  f Is  derived  by  an  ensemble  averaging  process  which,  however.  Is  based  on  a conditional 
sampling  technique.  Acharya  and  Reynolds'*®  call  It  "periodic  sampling"  or  "phase  averaging".  It  Is 
the  ensemble  average  of  Instantaneous  values  selected  at  a specific  phase  of  the  outer  flow  oscillation. 
Let 

T N 

<f(t)>  • 11m  V f(t  + nT)  (3.2) 
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where  T Is  the  period  of  the  Imposed  oscillation.  The  quantity  f which  represents  the  organized  fluc- 
tuations, Is  defined  according  to  the  formula 

f - <f>  - T (3.3) 

while  the  random  fluctuations  are 

f « f - <T>  (3.4) 

Similar  decompositions  have  been  used  by  Townsend®^  and  Phillips®®.  The  above  definitions  are  depicted 
schematically  In  Fig.  3.  Acharya  and  Reynolds  provide  a detailed  discussion  on  this  decomposition  as 
well  as  the  differential  equations  that  govern  the  field  of  the  mean  and  the  fluctuating  quantities. 

A boundary  layer  form  of  their  equations  In  the  classical  notation  should  be: 

for  the  mean  flow: 
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*It  Is  proposed  to  avoid  coni'uslon  here  by  the  following  convention  for  the  terminology.  Let  the  term 
"average"  be  used  whenever  a statistical  ensemble  average  Is  Involved.  Let  the  term  "mean”  be  reserved 
only  for  the  overall  mean  of  the  deterministically  oscillating  and  randomly  fluctuating  laotlon. 
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and  for  the  oscillating  flow: 
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Reynolds  stress  terms  appear  In  these  equa- 
tions both  from  the  random  as  well  as  the 
organized  fluctuations  and  we  have  assumed 
here  that  within  the  boundary  layer  approxi- 
mation, normal  Reynolds  stresses  are  negli- 
gible. 

Acharya  and  Reynolds  provide  extensive 

Fig.  3.  Schematic  representation  of  the  triple  experimental  data  that  Includes  mean  profiles, 
decomposition  (from  Ref.  48).  averaged  profiles,  normal  and  shear  Reynolds 

stresses,  correlations  etc.  However  they  In- 
vestigate Internal  fully  developed  turbulent 

flows  which  are  beyond  the  scope  of  the  present  review.  Their  results  could  provide  an  excellent  test 
case  for  approximate  theoretical  models  of  unsteady  turbulent  boundary  layers. 

Some  very  Interesting  features  of  oscillating  turbulent  boundary  layers  were  disclosed  by  the  ex- 
perimental efforts  of  a group  of  Investigators  from  Toulouse**®*****®®.  All  of  these  experiments  are 
characterized  by  not  so  small  amplitudes  of  oscillation,  of  the  order  30X  to  40%  of  the  mean  outer 
flow.  As  a result  some  clear  nonlinear  effects  become  obvious.  Perhaps  their  most  exciting  discovery. 

In  the  opinion  of  the  present  author,  is  that  the  turbulence  level  at  a fixed  point  in  space  fluctuates 
with  the  same  frequency  as  the  outer  flow.  That  Is,  the  random  disturbances  tend  to  follow  the  periodic 
variation  of  the  outer  flow  fluctuations.  Figure  4 Is  taken  from  Ref.  49  and  corresponds  to  a reduced 

frequency  of  oscillation  uii/Un  • 

3. 7x10*^ where  Sj  and  Uo  are  the 
displacement  thickness  and  outer 
flow  velocity  respectively.  It 
shows  the  reduced  turbulence  level 
variation,  (u^/tu'^)  )'/®,  and  the 
reduced  averaged  flow^TI/U^,.  In 
the  notation  of  Ref.  49  the  sub- 
script m denotes  a time  average. 

In  our  notation  the  quantity  U/Um 
should  be  <u>/u.  We  observe  that 
the  turbulence  level  follows  with 
some  delay  the  fluctuations  of  the 
ensemble  averaged  motion  but  as  one 
proceeds  away  from  the  wall  and 
approaches  the  edge  of  the  boundary 
layer,  larger  phase  shifts  and  a 
periodic  Intermittency  phenomenon 
appears.  More  surprising,  near  the 
edge  of  the  boundary  layer,  at  a 
certain  Instant  and  while  the 
averaged  velocity  end  boundary  layer 
thicknesses  are  at  a maximum  and 
minimum  respectively,  the  turbu- 
lence level  Increases  violently. 

In  other  words  when  the  boundary 
layer  goes  through  Its  smallest 
thickness,  the  turbulence  suddenly 
bursts  out  Into  the  free  flow. 
Inspecting  the  ensemble  averaged 
profiles  which  are  given  only  for 
four  points  of  the  period  - not 
shown  here  - we  also  observe  a 
clear  asynnetrv  of  the  periodic 
variation,  that  Is  a deviation  from 
the  sinusoidal  behavior. 


l/T 


Fig.  4.  The  time  history  of  the  level  of  turbulence, 

(u'2)»/2, at  different  distances  from  the  wall  (from  Ref. 
49). 


In  a later  publication®®  and 
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for  a higher  frequency  parameter  0161 /Un  » 12.7  x 10*^,  the  same  authors  give  Instantaneous  profiles  for 
the  quantities  (u  *72  and  - (u'v' ).  In  Fig.  5 we  have  carried  over  the  experimental  data  from  Ref.  55 
as  well  as  from  Patel^^  who  undertook  a similar  Investigation.  However,  Patel  used  a time  constant  lar- 
ger than  the  period  of  oscillation  and  essentially 
obtained  the  average  of  the  Instantaneous  turbu- 
lence level  profiles  give  by  Cousteix  et.  a1.^^. 

It  should  be  made  very  clear  here,  that  the  data 
of  Fig.  5 correspond  to  different  frequencies  and 
amplitude  parameters.  Therefore  comparison  of 
different  experimental  results  can  be  accomplished 
only  at  the  qualitative  level.  The  profiles  shown 
In  Fig.  5 seem  to  Indicate  that  the  turbulent 
energy  Is  convected  In  an  oscillatory  manner  and 
In  a direction  perpendicular  to  the  wall  with  the 
frequency  of  the  outer  flow.  However  It  appears 
that  the  flux  of  (u'*)*/^  shown  In  this  Figure, 
may  be  conserved  across  the  boundary  layer. 

Fluctuating  turbulent  boundary  layers  with 
an  adverse  pressure  gradient  were  Investigated 
experimentally  by  Schachenmann  and  Rockwell^**  In 
a conical  diffuser.  In  this  study  the  frequency 
parameter  was  varied  between  0.63  and  7.33  but 
the  amplitude  of  the  oscillations  was  only 
c i U/U  = 0.069.  However  the  pressure  gradient 
effect  appears  to  have  a strong  Influence  on  the 
fluctuating  part  of  the  motion.  First,  the  over- 
shoot of  the  fluctuating  component  u Increases 
with  downstream  distance.  Overshoot  values 
reach  magnitudes  60%  higher  than  the  value  of 
the  outer  stream.  The  same  effects  were  encoun- 
tered In  a numerical  study  for  laminar  oscilla- 
tions by  Tellonis  and  Tsahalls^^.  Second,  the 
profile  of  the  fluctuating  velocity  component 
for  large  frequencies  of  oscillations  Indicates 
two  peaks,  and  away  from  the  wall  It  undershoots 
the  value  of  the  outer  flow.  Such  a behavior  was  also  encountered  by  Tellonis  and  Romanluk*^  and  was 
found  to  carry  over  to  temperature  profiles  as  well.  Third,  for  distances  further  downstream,  the  phase 
angle  shows  some  negative  values  and  eventually  It  becomes  negative  across  the  entire  thickness  of  the 
boundary  layer.  The  velocity  fluctuations  follow  the  fluctuations  of  the  outer  flow.  Unfortunately  the 
statistical  Information  Is  not  extensive.  The  root  mean  square  of  the  total  velocity  Is  given  and  It  Is 
shown  to  Increase  with  downstream  distance.  However  If  this  quantity  contains  the  RMS  of  the  organized 
fluctuations,  then  the  turbulence  level  Is  burled  In  this  quantity  and  very  little  can  be  deduced  about 
the  statistics  of  the  unsteady  turbulent  boundary  layer. 

Charnay  and  Mathleu^®  have  also  Investigated  fluctuating  turbulent  flows  but  measured  only  the  ef- 
fects of  mean  flow  fluctuations  on  the  free  turbulence  In  a wind  tunnel.  The  response  of  a turbulent 
boundary  layer  on  an  air-foil  to  fluctuations  of  the  outer  stream  was  Investigated  by  Satyanarayana®®. 

A wind  tunnel  with  flexible  walls  was  used  to  provide  a stream  that  fluctuates  In  magnitude  or  In  direc- 
tion. In  Ref.  60  averaged  velocity  profiles  are  given  but  little  Information  on  the  statistical  proper- 
ties of  turbulence  Is  supplied. 

Some  very  Interesting  problems  that  probably  belong  to  the  same  family,  although  not  strictly 
dealing  with  external  turbulent  boundary  layers  were  Investigated  most  recently.  Soutif,  Favre-Marinet 
and  Binder®*  Investigated  the  response  of  a turbulent  jet  to  oscillations  generated  by  two  flaps  that 
fluctuate  symmetrically  or  antisymmetrically.  The  authors  presented  Instantaneous  profiles  and  the 
downstream  evolution  of  periodic  and  turbulent  Intensities.  Most  Important  of  all,  they  Indicated  that 
the  externally  Imposed  fluctuation  may  transfer  energy  to  the  turbulent  motion.  Indeed  20  Jet  thicknesses 
downstream  of  the  disturbance,  the  periodic  fluctuations  die  out  but  the  turbulent  Intensity  grows  to  a 
value  35%  larger  than  the  corresponding  undisturbed  jet  Intensity.  Thomas  and  Shukla®*  have  looked  Into 
the  wall  region  of  fully  developed  fluctuating  turbulent  pipe  flow.  They  report  on  the  Interaction  be- 
tween the  bursting  effect  and  the  Imposed  fluctuations  and  compare  their  experimental  results  with  the 
theoretical  model  based  on  the  concept  of  surface  renewal.  The  work  of  Binder  and  Dldelle®^,  Nalnardi 
and  Panda1®®and  Malnardi  et.  al.®**  may  be  also  found  useful  to  the  Investigators  of  unsteady  turbulent 
boundary  layers. 

Recapitulating,  we  may  say  that  a clear  picture  has  started  to  emerge  from  the  available  experi- 
mental data.  There  are  of  course  many  parameters  Involved  and  a lot  more  work  Is  necessary  to  provide 
a complete  description  of  the  phenomenon.  The  frequency  parameter  Is  not  easy  to  vary  In  all  the  experi- 
mental lay-outs.  However  a relatively  wide  range  has  been  explored  by  different  Investigators.  The  am- 
plitude parameter  Is  fixed  or  very  difficult  to  adjust  for  some  of  the  experimental  set-ups.  Very 
little  Information  Is  available  for  flows  with  pressure  gradients  which  have  been  proved  to  have  a 
strong  Influence  on  the  fluctuating  part  of  the  motion.  One  of  the  most  surprising  conclusions  that 
has  emerged  from  many  experimental  stud1es*'*t'*®.®'‘  Is  that  the  mean  profile  Is  very  little  affected 
even  for  large  amplitudes  of  oscillation. 

Comparing  the  results  of  different  experiments  will  be  very  difficult  and  It  has  been  attempted 
In  this  paper  but  with  no  enthusiasm.  This  1$  due  to  the  fact  that  the  parameter  ux/Uo  Is  no  longer  a 
similarity  variable  as  Is  the  case  In  laminar  flows.  In  the  laminar  flow  equations  the  Independent 
variables  x and  t appear  always  In  the  combination  a/at  ua/ax.  However,  In  the  turbulent  flow  equa- 
tions, X Is  Introduced  also  In  the  Reynolds  stress.  The  parameters  u6/Uo  or  we/Uo  have  been  suggested 
for  comparison  but  these  too  cannot  be  used  for  a global  presentation  of  the  experimental  data.  It 


Fig.  5.  The  level  of  turbulence  profiles: 

four  characteristic  Instances  of  a 

period  u)t  « 0,  n/2,  n and  3n/2  (curves  1, 
6,  12  and  18  respectively  as  shown  In  Fig. 
3),  Ref.  55;  - - -,  averaged  through  a 
period  and  steady  flow.  Ref.  56;  - • - • 
steady  flow.  Ref.  57. 
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appears  that  the  only  method  of  comparing  experimental  data  could  be  through  analytical  extrapolations 
based  on  a successful  theoretical  method. 

Modeling  of  the  Unsteady  Turbulent  Boundary  Laver 


Most  of  the  existing  models  for  closing  the  system  of  equations  has  been  extended  to  unsteady  flows 
as  reviewed  In  Ref.  1.  Rt  that  time  zero-  and  one-equation  models  have  been  used  to  study  the  problem. 
Since  then,  efforts  have  been  continued  to  Improve  the  existing  models.  In  Ref.  65  the  Cebecl-Smith 
eddy  viscosity  model  Is  further  Improved.  It  Is  pointed  out  In  this  paper  that  the  correction  of  the 
damping  effect  due  to  unsteadiness  Is  Influenced  by  the  unsteadiness  of  the  flow.  To  estimate  correctly 
the  shear  ts  at  the  edge  of  the  sublayer  one  may  approximate  the  momentum  equation  as 


- M + ll 
3x  ay 


(3.9) 


The  convective  terms  could  be  Ignored  In  the  liranedlate  neighborhood  of  the  wall  but  the  unsteady  term, 
au/at,  may  be  significant,  especially  for  large  frequencies. 


Patel  and  Nash®^*'^®  extended  their  earlier  work  based  on  an  one-equation  model,  by  Introducing  a 
refinement  In  the  neighborhood  of  the  wall,  to  meet  the  Inner  boundary  condition.  This  Is  essentially 
the  law  of  the  wall  with  appropriate  modifications  In  order  to  handle  regions  of  partially  reversed 
flow.  Patel  and  Nash  Investigate  a flow  that  progressively  goes  through  a minimum  of  the  outer  flow 
velocity.  This  generates  a small  but  growing  region  of  recirculating  flow  approximately  In  the  middle 
of  the  domain  of  Integration. 


Cebec1‘®  Included  In  his  well  known  models  the  effect  of  low  Reynolds  number  which  was  missing 
from  the  development  of  Refs.  66  and  71  and  repeated  the  calculations  for  turbulent  oscillatory  flows 
over  a flat  plate. 


It  has  been  argued  that  the  agreement  between  the  numerical  results  of  some  of  the  above  methods 

and  the  experimental  data  Is  Imperfect  but  probably  adequate  for  engineering  purposes.  It  has  been  also 

claimed  that  the  existing  discrepancies  can  be  probably  attributed,  at  least  In  part,  to  experimental 
scatter.  The  present  author  disagrees  with  such  excuses.  Instead  he  feels  that  In  all  the  above  models 
something  fundamental  Is  missing  and  many  of  the  Investigators  clearly  admit  It.  The  argument  of  course 
and  the  controversy  Is  carried  over  from  steady  turbulent  flows,  but  here  It  Is  felt  that  our  models  do 

not  even  seem  to  predict  the  physical  tendencies  correctly.  The  reader  will  be  convinced  If  he  would 

simply  throw  a glance  on  Fig.  6.  In 


this  Figure  we  have  collected  experi- 
mental and  analytical  Information  on 
the  variation  of  the  skin  friction  phase 
angle  as  a function  of  the  frequency 
parameter  ux/Uq.  Unfortunately  the 
definition  of  these  quantities  Is  not 
very  clear  In  some  of  the  references. 

A Is  Implied  sometimes  and  the  dis- 
tance X Is  not  always  specified  or 
clearly  defined.  As  a result  our  Inter- 
pretation of  data  may  not  be  very  accur- 
ate. Moreover  the  Interpretation  of 
of  Karlsson's  experimental  results  Is 
very  difficult  and  the  points  shown  In 
the  Figure  may  contain  a possible  error 
of  up  to  20{. 


rig.  6. 
tions  as 


The  skin  friction  phase  angle  for  turbulent  oscilla- 
a function  of  the  frequency  parameter  ux/Uq.  Theo- 
retical Results; , Kuhn  A Nlelsen'^^;  Mash  et 

ar^.  Re  » 10^;  , Tellonis  & Tsahalls^*, 

Cebeci*®,  McCrosky  and  Philippe"’'*.  Experiment:  •,  Karl- 

sson'"*. 


fluctuations  of  the  outer  flow  and  the 
energy  transfer  from  the  deterministic 
mentally®* 


All  the  existing  analytical  models 
were  carried  over  from  steady  flow.  The 
only  adjustments  made  were  confined  to 
Incorporation  of  the  term  au/at  wherever 
It  was  appropriate.  The  two-equation 
models"’®  may  be  a little  more  promising. 
In  fact  they  have  been  used,  again  with 
no  major  adjustments  to  account  for  un- 
steadiness, In  Refs.  49,  54  and  55.  Suc- 
cessful modeling  of  the  turbulent  boun- 
dary layer  Is  a clear  challenge  to  the 
theoreticians.  They  will  have  to  Invent 
new  models  that  would  take  Into  account 
the  Interaction  between  the  organized 
random  fluctuations  of  turbulence.  The  process  may  even  Involve 
to  the  random  fluctuations,  a phenomenon  already  observed  experl- 


The  fallacy  In  using  the  steady  flow  models  for  unsteady  turbulent  flows  becomes  obvious  If  one  sim- 
ply observes  the  equations  that  govern  the  mean  and  the  organized  fluctuations  of  the  motion,  Eqs.  (3.5 
through  3.8).  The  Reynolds  stresses  appearing  In  the  equations  for  the  fields  ii,  v and  u,  v are  funda- 
mentally different.  Using  a steady  flow  model  and  Integrating  numerically  In  the  space  x,  y,  t amounts 
to  an  arbitrary  distribution  of  the  steady  Reynolds  stress  In  the  Reynolds  stresses  of  Eqs.  (3.6)  and 
(3.8). 


An  alternative  and  more  straightforward  approach  that  clearly  Indicates  the  necessity  of  modeling 
separately  the  Reynolds  stresses  for  the  two  fields  was  recently  put  forward’®  and  will  be  repeated 
here  briefly. 
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Consider  an  outer  flow  velocity  distribution  of  the  form 
Ue(x,  t)  • Uo{x)  + f U,(x)[e^“^  + CC] 


(3.10) 


where  e Is  a small  dimensionless  parameter  and  CC  stands  for  the  complex  conjugate  of  the  preceding 
quantity.  We  assume  the  response  of  the  viscous  layer  In  the  form 


u(x,  y,  t)  • Uo(x,  y)  + I [ui(x,  y)e^“^  + CC)  + 0(€2) 


v(x.  y,  t)  • Uo(x.  y)  + I [ui{x,  y)e^“^  + CC]  + O(e^) 


(3.11) 


where  u and  v are  the  velocity  components  parallel  and  perpendicular  to  the  wall  respectively.  The 
quantities  uo  and  Ui  are.  In  general,  random  complex  quantities.  We  therefore  assume  here  that  the  boun- 
dary layer  will  respond  to  the  outer  flow  with  a deterministic  fluctuation  of  the  same  frequency  and  an 

amplitude  that  contains  the  random  turbulent  fluctuations.  We  further  assume  that  the  organized  fluctua- 

tions are  small  compared  to  the  mean  flow.  However  the  random  part  of  uq  and  Ui  does  not  have  to  be 
small  compared  to  the  mean  of  uq  and  uj. 

The  steps  that  follow  will  be  only  described  here  briefly.  We  first  substitute  the  above  expressions 
In  the  full  Navler-Stokes  Equations,  eliminate  a few  terms  on  the  basis  of  the  boundary  layer  approxi- 
mation and  collect  powers  of  the  small  parameter  c.  The  process  of  making  the  boundary  layer  assumption 
and  collecting  the  powers  of  c may  be  Interchanged  under  certain  conditions  and  connients  on  the  proper 
procedure  are  Included  In  Ref.  17.  At  this  stage  we  have  two  sets  of  differential  equations:  the  first 
Is  nonlinear  and  governs  the  mean  flow  (uq,  Vq).  The  second  Is  linear  and  governs  the  amplitude  of  the 

fluctuations  (ui,  v^).  Both  sets  of  equations  are  stochastic  and  describe  exactly  the  turbulent  boundary 

layer  phenomena,  within  an  error  of  order  c^. 

We  now  further  decompose  the  velocity  components  as  follows 

1 • 0.  1,  ... 


u^  » u^  ♦ u^ 

Vi . V,  + v; 


(3.12) 

(3.13) 


where  bars  and  primes  denote  the  ensemble  average  and  the  random  fluctuation  respectively,  1 • 0,  1, 
and  by  definition  ui  « vl  « 0.  It  Is  easy  to  show  that  both  the  averaged  and  the  fluctuating  compon- 
ents defined  In  Eqs.  (3. 1z-13)  se 


I satisfy  the  continuity  equation  In  the  form 


3U.  3V. 

+ T-  * 0 

3x  3y 


1 = 0.  1.  ... 


(3.14) 


Substitution  of  the  expressions  (3.12)  and  (3.13)  Into  the  momentum  equations  of  order  1 and  e,  en- 
semble-averaging and  using  Eq.  (3.14),  yields 

dUn  3^00 


3Un 


3Uo 


“0  ST  ^ "O  iT 


ay 


(3.15) 


duj  _ dUQ  dUj  3Uq  dU]  dUQ 

luUi  + Uo  ^ + ^0  jp-  + Vi  jj-  • luUi  ♦ Uo  37"  ^ 35"  * ' 


3Ui  _ 3Uo 


O^Ui 

3y3 


- 2 


(uaui  + VoVj) 


(3.16) 


Equation  (3.15)  Is  Identical  to  the  steady-state  turbulent  boundary  layer  equation.  If  the  x- 
derlvatlve  of  the  random  fluctuations  Is  assumed  negligible  and  the  Reynolds  stress  modeled  according 
to  one  of  the  phenomenological  theories  widely  accepted'^^,  then  the  theory  shows  that  within  an  error 
of  order  c,  the  mean  and  ensemble  averaged  flow  Is  Identical  to  the  quasi-steady  flow._  In  Eq.  (3.16)  It 
becomes  now  clear  that  the  nonlinear  contributions  to  the  organized  fluctuations  (ui,  Vj)  would  require 
special  attention.  There  Is  no  Justification  at  all  to  assume  that  the  Reynolds  stress  3/3y  (uoVj+uiviJ 
Is  modeled  In  exactly  the  same  way  as  the  Reynolds  stress  3/3y  (uqVo).  In  all  the  earlier  calculations 
this  Is  essentially  what  was  done.  The  steady  state  model  of  the  Reynolds  stress  was  assumed  and  a 
straightforward  Integration  In  the  three-dimensional  space  (x,  y,  t)  was  performed. 

In  a preliminary  Investigation'^®  It  was  decided  to  perform  calculations  for  the  simplest  kind  of 
modeling  possible.  To  this  end,  a classical  eddy  viscosity  model  for  the  mean  flow  Reynolds  stress  was 
used  and  the  nonlinear  random  contributions  In  Eq.  (3.16)  were  completely  Ignored.  This  assumption 
Is  essentially  equivalent  to  a laminar  oscillatory  correction  on  a steady  turbulent  boundary- layer.  It 
Is  felt  that  this  Is  physically  justified.  It  Is  well  known  that  the  boundary  layer,  laminar  or  tur- 
bulent, responds  locally  In  an  almost  Inviscid  manner.  The  hypothesis  here  Is  that  the  local  organized 
pressure  disturbance  Is  Instantly  carried  through  the  turbulent  boundary  layer  without  Interaction  with 
the  random  fluctuations.  Or  equivalently  that  the  turbulent  eddies  undergo  an  oscillatory  deformation 
that  does  not  affect  their  entity  and  the  process  of  their  mutual  Interaction.  The  effect  of  viscosity 
Is  confined  to  a thin  Stokes-type  layer  and  shrinks  further  with  larger  frequencies.  In  other  words  the 
Inviscid  response,  that  Is  a velocity  fluctuation  with  a uniform  profile,  grows  larger  and  approaches  the 
wall  as  the  frequency  of  the  outer  fluctuation  Increases.  It  should  be  mentioned  here  that  a similar  sug- 
gestion 1$  Included  In  Ref.  48  but  It  was  proved  that  this  Idea  did  not  produce  satisfactory  results  In 
the  case  of  Internal  flows. 

A classical  test  of  a theoretical  method  Is  the  calculation  of  the  harmonics  of  the  organized  part 
of  the  velocity.  In  the  terminology  of  Karlsson:  the  In-phase  and  out-of-phase  velocity  components.  Mo 
published  theoretical  results  have  predicted  up  to  now  overshoots  of  the  In-phase  component  larger 
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than  IX  or  2X.  Yet  Karlsson's  data  and  all  the  most  recent  experimental  Information  Indicate  that  the 
overshoot  may  reach  10X  or  even  20X  of  the  mean  flow.  In  Fig.  7 we  plot  for  a specific  situation,  ex- 
perimental data  as  well  as  theoretical  predictions.  Some  Improvement  Is  obvious  but  the  out-of  phase 
comparison  Is  still  poor. 


Let  us  try  to  gain  some  physical  Insight 
Into  the  problem.  Let  us  assume  here  a zero 
equation  model  and  accept  the  mixing  length  ex- 
pression for  the  Reynolds  stress  in  unsteady 
flow: 

(3.17) 

The  mixing  length  could  be  expressed  In  terms  of 
any  of  the  exotic  functions  that  Improve  the  com- 
parison with  the  experimental  data.  If  this  ex- 
pression Is  substituted  In  the  unsteady  turbulent 
boundary  layer  equations,  an  expansion  like  the 
one  given  by  Eqs.  (3.11)  Is  assumed  and  terms  of 
order  1 and  c are  collected,  we  arrive  at  the 
conclusion  that  the  Reynolds  stresses  appearing 
In  Eqs.  (3.15)  and  (3.16)  are 
3Uo  2 

- ujvo  = pt^(3p-)  (3.18) 

3Uo  3Ui 

- ujvl  - u{vi  * pi^jy-  ip-  (3.19) 

This  process  corresponds  to  an  asymptotic  solu- 
tion of  the  equations  solved  numerically  in  Refs. 
16,  65  and  70.  However  the  distribution  of  the 
Reynolds  stress  In  the  mean  and  the  organized 
motion  Is  absolutely  arbitrary.  The  author  and 
his  colleagues  have  run  some  numerical  examples 
and  arrived  at  exactly  the  same  results:  almost 
no  overshoot  In  the  In-phase  component  of  the 
velocity.  It  remains  a great  enigma  to  the  pres- 
ent author  how  the  calculations  In  Ref.  56  that 


Fig.  7.  The  In-phase  and  out-of-phase  velocity  com- 
ponents for  a fluctuating  turbulent  boundary  layer. 

Theoretical  results:  Tellonls*®  and  ^ . , . . ^ 

Cebec1>6;  . . , TellonH  & Romanluk’^.  Experl-  There  Is  some  physical  mean  ng  In  the  decom- 

mental  data:  « . a,  o . Karlsion»“  (different  ampll-  Position  of  the  Reynolds  stress  Imp  led  by  Eq 
tudes);  Cousteix,  et  al^s.  (3.18)  and  (3.19).  The  expression  In  Eq.  (3.19) 

represents  an  eddy  viscosity  3Uo/3y  which  Is 

the  same  as  the_eddy  viscosity  of  the  mean  flow.  This  Is  simply  a factor  to  the  shear  3Ui/3y  of  the 
velocity  field  uj,  Vj.  Acharya  and  Reynolds'*®  list  this  assumption  as  one  of  the  possible  closures  of 
the  Eqs.  (3. 5-3. 8).  It  Is  believed  that  this  assumption  as  well  as  the  over-simplified  assumption^® 
of  a vanishing  uqvI  + u|vo  are  not  adequate.  A more  sophisticated  model  is  urgently  needed. 


follow  the  model  given  by  (3.18)  and  (3.19)  have 
resulted  In  large  overshoots. 


model  is  urgently  needed. 


UNSTEADY  SEPARATION  AND  SEPARATED  FLOWS 


The  study  of  viscous  phenomena  and  In  particular  boundary  layers  has  Interested  Investigators  for 
a variety  of  reasons.  It  Is  certainly  r*»eded  to  know  the  distribution  of  skin  friction  and  heat  trans- 
fer across  the  Interface  of  fluids  and  solids.  For  Internal  fluid  mechanics  this  Information  and  the 
properties  of  viscous  regions  per  se,  as  for  example  velocity  profiles,  flow  rates  and  perhaps  the 
effect  of  viscosity  on  mixing  and  chemical  reactions.  Is  a final  goal  In  Itself.  However  In  external 
fluid  dynamics  It  Is  necessary  to  consider  the  Interaction  between  the  viscous  layer  and  the  outer 
Inviscid  flow.  Viscous  flow  theories  are  employed  In  order  to  determine  the  location  of  separation 
which  controls  basic  characteristics  of  lifting  surfaces  and  perhaps  the  properties  of  small  separated 
regions  or  even  wakes.  Boundary- layer  technology  has  been  successful  In  predicting  with  reasonable 
accuracy  the  location  of  separation  In  steady  fields  (see  review  articles  by  Brown  and  Stewartson^® 
and  WllllamsT®).  In  the  last  decade  It  has  been  actively  pursued  to  demonstrate  that  the  classical 
theories  can  be  used  to  determine  the  properties  of  unsteady  flow  fields.  A breakthrough  In  this 
effort  has  been  the  Identification  of  the  fact  that  the  classical  criterion  of  separation  for  steady 
flow,  that  Is  the  vanishing  of  skin  friction  Is  no  longer  valid  for  unsteady  flows.  This  Idea  was  pre- 
sented at  first  In  a form  of  a conjecture’®"®*.  Some  numerical  evidence  appeared  later  (see  review 
article  by  Sears  ( Tellonls®’).  This  consists  essentially  of  numerical  Integrations  of  laminar  and 
turbulent  boundary  layers  that  were  carried  through  the  point  of  zero  skin  friction  and  Into  a region 
of  partially  reversed  flow  without  any  evidence  of  the  separation  singularity.  Almost  at  the  same  time 
Despard  and  Miller®®  published  their  experimental  results  and  argued  that  separation  In  oscillatory 
flow  Is  displaced  with  respect  to  Its  steady  state  location  but  remains  unaffected  by  the  oscillations 
of  the  outer  stream.  The  point  of  zero  skin  friction  oscillates  back  and  forth  thus  generating  a thin 
layer  of  reversed  flow  that  shoots  upstream  from  the  location  of  separation  and  then  disappears  again. 


There  have  been  some  misunderstandings  over  the  precise  definitions  suggested  In  Refs.  83  and  84 
and  a clarification,  although  repetitious.  Is  perhaps  necessary  here.  Let  It  be  clear  from  the  very 
beginning  that  by  'separation*  we  mean  the  location  on  the  solid  boundary  where  the  flow  stops  creep- 
ing over  the  skin  of  the  body  and  breaks  away  from  the  wall,  thus  generating  a turbulent  wake.  This 
phenomenon,  encountered  mostly  In  external  flows  with  relatively  large  Reynolds  numbers,  controls  the 
overall  pressure  distribution  and  quantities  like  lift  and  drag.  This  was  essentially  the  definition 
adopted  In  Ref.  84  where  the  authors  have  further  argued  that  abrupt  changes  of  ^undary  layer  prop- 


ertles  In  the  first  order  boundary  layer  equations,  may  signal  the  approach  to  the  point  of  separa- 
tion. Such  properties  have  been  studied  extensively  and  are  referred  to  as  the  Goldstein  singularity. 
Oespard  and  Mlller^^  define  separation  as  the  furthest  downstream  station  at  which  the  shear  fluctuates 
between  zero  and  some  negative  value. 

The  work  In  this  area  has  been  reviewed  In  Refs.  1,8,  78  and  82.  all  of  which  appeared  very  re- 
cently. In  this  section  we  will  give  a brief  account  of  most  recent  contributions  to  the  area  and  we 
will  discuss  the  problems  of  unsteady  separated  flows. 

The  Glorified  Moving  Wall  Case 

Moore,  Rott  and  Sears®**  have  argued  In  the  late  fifties  that  there  Is  an  Intrinsic  qualitative 
similarity  between  steady  separation  over  fixed  walls  and  unsteady  separation  over  moving  walls.  In 
fact  to  Investigate  the  problem  of  unsteady  separation,  experiments  were  at  first  conducted  at  the 
Cornell  Aeronautical  Laboratory  with  steady  flow  over  rotating  cylinders^®*®**.  A few  years  ago  Telloni 
and  Merle®®  have  carried  out  numerical  calculations  of  boundary  layer  flow  over  a parabola  at  an  angle 
of  attack.  Allowing  the  skin  of  the  parabola  to  move  downstream  they  were  able  to  demonstrate  that  the 
point  of  zero  skin  friction  is  not  singular  and  that  a Goldstein  type  singularity  appears  further  down- 
stream, at  a point  where  the  H.R.S.  criterion  Is  met,  that  is  3u/3y  = 0 at  u » 0.  Williams  and  John- 
son®®,®^ Introduced  a transformation  that  maps  the  steady  flow  over  a moving  wall  to  unsteady  flow  over 
a fixed  wall.  They  were  thus  able  to  capture  at  least  one  special  case  of  unsteady  flow,  where  sepata- 
tion  and  the  separation  singularity  occur  at  a station  where  the  M.R.S.  criterion  is  met,  if  the  flow 
is  viewed  by  an  observer  moving  with  the  speed  of  separation.  The  same  problem  was  attacked  numerical- 
ly quite  earlier  by  Moore®*,  through  the  self-similar  equations  of  Falkner  and  Skan.  This  Idea  was  fur 
ther  pursued  by  Tellonis®®.  In  Ref.  88  it  was  demonstrated  that  a singularity  accompanies  the  profiles 
that  satisfy  the  M.R.S.  criterion  for  downstream  moving  walls.  However  this  is  not  the  case  for  up- 
stream moving  walls.  It  soon  became  clear  that  the  problem  of  separation  over  upstream  moving  walls 
posed  much  greater  difficulties  than  anticipated  as  Williams  also  notes^®. 

At  this  point  it  is  felt  that  a clarification  is  necessary.  The  Goldstein  singularity  or  better, 
a characteristic  singular  behavior  similar  to  the  one  studied  by  Goldstein^^,  appears  in  a numerical 
calculation  in  the  form  of  a sharp  growth  of  quantities  like  the  v-component  of  velocity,  derivatives 
3/3x,  etc.  In  all  the  cases  studied  the  sharp  growth  is  proportional  to  the  inverse  square  root  of  a 
variable.  This  variable,  in  non-similar  flow.  Is  the  upstream  distance  from  separation.  For  self- 
similar solutions  the  quantities  mentioned  above  blow  up  with  the  Inverse  square  root  of  the  pressure 
gradient  parameter  b.  Fansler  and  Danberg®®  demonstrated  that  a similar  phenomenon  occurs  in  an  inte- 
gral analysis  of  the  unsteady  boundary  layer  equations.  In  this  case  the  square  root  singularity  ap- 
pears if  one  plots  the  quantity  H versus  K,  where  H is  the  ratio  of  the  displacement  thickness  to  the 
momentum  thickness  and  K is  the  energy  thickness  divided  by  the  momentum  thickness. 

Tsahalls®®  attempted  to  Investigate,  for  the  first  time  numerically,  the  phenomenon  of  separation 
over  upstream  moving  walls.  Considering  a non-similar  flow,  one  encounters  a small  region  of  steady 
reversed  flow.  Integration  in  this  case  cannot  proceed  further  with  a steady  state  scheme  of  calcula- 
tions. To  overcome  this  difficulty  Tsahalis  employed  an  unsteady  method  of  solution,  started  with  a 
fixed  wall  and  introduced  gradually  the  upstream  motion  of  the  skin.  Thus  he  was  able  to  arrive  at  a 
converged  steady  state  solution,  which  contains  a region  of  partially  reversed  flow  and  a station  where 
a Goldstein  singularity  appears.  At  this  station  the  M.R.S.  criterion  is  "nearly"  met.  Tsahalis  ex- 
plains that  the  boundary  layer  equations  cannot  accept  an  M.R.S.  condition  for  upstream  moving  walls 
and  that  his  analysis  indicates  that  the  M.R.S.  criterion  should  probably  be  met  at  this  station  if  the 
full  Navier  Stokes  equations  are  employed.  Fansler  and  Oanberg®®  employ  an  integral  method  that  makes 
use  of  self-similar  profiles  to  investigate  non-similar  separation  flows.  They  find  that  for  upstream 
moving  walls  the  MRS  profile  corresponds 
to  a station  near  the  point  and  not  ex- 
actly at  the  point  on  the  H-K  curve  where 
a singularity  appears.  However  for  up- 
stream moving  walls  the  point  on  the  H-K 
curve  that  corresponds  to  an  MRS  profile 
Is  quite  far  from  the  singularity.  Fansler 
and  Oanberg  adopt  essentially  the  defini- 
tion of  Ref.  80  and  assume  that  separation 
occurs  at  the  point  where  the  H-K  curve 
shows  singular  behavior.  They  proceed  to 
compare  their  results  to  experimental  data 
with  acceptable  success,  at  least  for  the 
case  of  downstream  moving  walls. 

The  present  author  has  prepared  a 
report®*  on  this  topic  collecting  Informa- 
tion on  analytical,  numerical  and  experi- 
mental works.  In  the  same  report  an 
asymptotic  expansion  Is  proposed  to  prove 
that  even  for  the  smallest  speed  of  the 
skin  of  the  body,  the  points  of  stagnation 
are  removed  from  the  body.  The  streamlines 
then  form  a saddle  point  configuration. 

Identical  to  the  one  originally  proposed 
by  Moore,  Rott  and  Sears. 

Two  experimental  Investigations  In 
this  area  have  been  conducted  In  the  last 
few  years.  Huq®^  has  measured  unsteady 


Fig.  8.  Flow  visualization  of  the  neighborhood  of 
separation  over  a downstream  moving  wall  (Ref.  gs). 
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boundary  layer  properties  In  a towing  tank. 
Using  titanium  dioxide  particles  for  sur- 
face observations,  he  also  looked  Into  the 
flow  around  a rotating  cylinder.  However, 
due  to  the  small  thickness  of  the  viscous 
region,  it  appeared  difficult  to  visualize 
details  within  the  boundary  layer.  Huq 
Instead  directed  his  attention  to  the  pro- 
blem of  an  Impulsively  started  flat  plate. 

In  another  effort  undertaken  at  VP I 
i SU  a mixture  of  glycerin  and  water  was 
used  to  achieve  thicker  boundary  layers 
with  not  so  small  velocities.  With  Rey- 
nolds numbers  of  the  order  of  100  or  200, 
laminar  wakes  permitted  the  capture  of  all 
four  of  the  critical  streamlines  that  form 
a saddle  point  at  separation.  Flow  visual- 
ization was  achieved  again  by  surface  pel- 
lets. Some  preliminary  results  were  re- 
ported In  Ref.  91.  A more  detailed  des- 
cription of  this  work  can  be  found  In  Ref. 
93.  The  Immediate  neighborhood  of  separa- 
tion over  the  upstream  and  the  downstream 
moving  walls  Is  given  here  In  Figs.  8 and 
9.  In  these  photographs  the  camera  film 
was  exposed  for  1/4  of  a second  and  there- 
fore It  tracked  each  particle  on  a portion 
of  Its  path.  The  cylinder  has  a diameter 
of  13  cm  and  It  rotates  with  a surface 
speed  equal  to  30%  of  the  mean  flow  veloc- 
ity. The  area  shown  In  the  picture  repre- 
sents approximately  4 cm^  In  the  innedlate 
neighborhood  of  the  stagnation  points. 

Unsteady  Separation 


Fig.  9.  Flow  visualization  of  the  neighborhood  of 
separation  over  an  upstream  moving  wall  (Ref.  93). 


A lot  of  effort  has  been  directed  In  the  last  decade  towards  solving  this  difficult  problem.  How- 
ever many  questions  remain  unanswered.  He  may  be  able  to  state  with  certainty  that  the  point  of  zero 
skin  friction  Is  not  related  to  separation  In  unsteady  flows.  A large  number  of  numerical  calculations 
(see  review  articles  In  Refs.  1,  78,  82)  have  proved  that  In  unsteady  flow  one  may  proceed  through  the 
point  of  zero  skin-friction  without  any  evidence  of  singular  behavior.  In  this  way  a thin  layer  of  re- 
versed flow  may  be  captured,  upstream  of  the  location  of  separation.  At  first  such  arguments  did  not 
appear  convincing.  After  all,  there  Is  no  definite  proof  that  the  boundary  layer  equations  contain  In- 
formation about  the  extent  of  their  own  validity.  Experimental  verification  that  thin  layers  of  reversed 
flow  can  be  embedded  at  the  bottom  of  an  attached  boundary  layer  was  supplied  first  by  Despard  and  M11- 
ler®3  for  oscillatory  flows.  A similar  Investigation  was  reported  by  Rulter  et  al’". 


In  their  Investigation  of  unsteady  stall  Carr,  McAlister  and  McCroskey*®  employ  a multiplicity  of 
sensing  and  measuring  devices:  smoke-flow  visualization,  surface  tufts,  hot  wire  probes  and  surface- 
pressure  transducers.  They  observe  universally  flow  reversal  on  the  skin  of  the  airfoil  prior  to  any 
discernible  disturbances  of  the  outer  flow  or  any  detectable  normal-force  or  pitching  moment  deviation. 
In  fact  they  report  that  In  several  Instances,  the  flow  at  the  surface  reverses  over  a major  portion 
of  the  airfoil  before  variations  in  Integral  force  data  can  be  detected.  For  an  airfoil  with  typical 
tralling-edge  stall  characteristics,  flow  reversal  smoothly  creeps  upstream  and  eventually  reaches 
the  leading-edge  of  the  airfoil  before  any  sign  of  unsteady  separation  and  stall  can  be  detected. 

For  airfoils  with  leading-edge  stall  characteristics,  flow  reversal  seems  to  be  Initiated  for  higher 
frequencies  at  the  leading-edge  of  the  airfoil  and  for  lower  frequencies  almost  simultaneously  over 
the  entire  surface  of  the  airfoil.  For  high  frequencies  flow  reversal  originates  upstream  and  travels 
downstream  as  the  angle  of  attack  increases.  The  situation  Is  quite  complicated  for  other  types  of 
airfoils  that  appear  to  have  a mixed  type  of  flow  reversal  characteristics  (NACA  0012). 


Carr  and  his  associates  Identify  four  different  types  of  flow  reversing  signals  as  detected  by 
the  hot  wire  probes.  Type  I Is  the  point  at  which  the  hot  wire  signal  Indicates  an  abrupt  breakdown. 

Type  II  Is  the  point  at  which  the  signal  drops  to  a minimum.  Type  III  Is  defined  on  the  basis  of  the 
first  fluctuation  that  reaches  zero  and  type  IV  Is  some  distinct  change  In  the  character  of  the  signal 
that  seams  symptomatic  of  either  flow  reversal  or  boundary  layer  separation.  Figure  10  Is  taken  from 
Ref.  95  and  shows  for  a ■ 15  10  sinut,  wx/Up  ■ 0.15  and  Re  ■ 2.5  x 10°,  the  angle  of  attack,  the 

nonnal  and  pitching  moment  coefficients  and  the  hot  wire  signal  for  different  spanwise  locations.  All 
four  types  of  flow  reversal  are  present.  In  this  figure  the  onset  of  flow  reversal  appears  first  near 
the  trailing  edge  and  travels  quickly  upstream.  Moment  stall  occurs  when  practically  all  the  boundary 
layer  Is  reversed  and  then  lift  stall  follows.  In  Ref.  95  we  find  more  Information  about  separation  and 
separated  flows  and  we  will  return  to  It  later  In  this  section.  In  a paper  presented  at  this  conference 
Kenlson’^  also  reports  on  a thin  reversed  layer  that  precedes  separation  In  unsteady  flows. 

Having  established  that  a region  of  reversed  flow  may  precede  the  location  of  separation  we  now  re- 
turn to  unsteady  separation  Itself.  Both  the  theoretical  analysis  and  the  experiment  require  an  unam- 
biguous criterion  that  will  signal  the  fact  that  separation  Is  occuring.  As  almost  always  Is  the  cate 
with  unsteady  viscous  flows,  theoretical  analysis  preceded  the  experiment.  Tellonis  and  Tsaha11t^'**^>** 
and  the  group  of  Mash,  Carr,  Singleton,  Patel  and  Shruggs*’-’®,  Integrating  through  the  point  of  zero 
skin  friction,  reach  a station  where  all  the  familiar  properties  of  a separation  singularity  appear.  They 
In  fact  study  the  upstream  excursions  of  the  point  of  zero  skin  friction  which  Is  followed  by  the  point 
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of  separation.  However  no  experimental  Information  Is  available  for  comparison.  As  a result  there  has 
been  some  justified  criticism  . Riley®  correctly  notes  that  there  Is  some  disagreement  between  the 
numerical  results  of  Refs.  98  and  100,  101.  It  Is 
felt  however  that  the  work  of  Proudman  and  Johnson*® 
and  Robins  and  Howarth**  Is  not  at  all  In  variance 
with  the  Ideas  presented  in  Ref.  82.  Stewartson 
(private  communication)  expressed  In  the  past  some 
concern  over  the  numerical  results  of  Ref.  98  where- 
by a singularity  suddenly  appears  away  from  the  rear 
stagnation  point.  In  a cylinder  started  Impulsively 
from  rest.  In  a recent  publication  Bodonyl  and 
Stewartson^®*  examine  the  unsteady  flow  on  a rotat- 
ing disk  in  a counter-rotating  fluid  and  discover 
that  this  Is  Indeed  nnssible.  They  propose  mutually 
consistent  numerical  and  analytical  solutions  of  an 
unsteady  boundary  layer  flow  which  Is  Initially  well 
behaved  but  breaks  down  after  a finite  interval  of 
time.  Finally  In  a most  recent  analytical  effort, 

Schneck*®*  employs  the  Despard  and  Miller  definition 
to  study  separation  In  pulsatile  Internal  flow. 

He  finds  that  the  point  of  separation  moves  progres- 
sively downstream  and  towards  Its  stead-: cate  loca- 
tion, as  the  frequency  of  oscillation  Increases. 


Carr,  McAlister  and  McCroskey*®  describe  In  c 
their  experimental  study  the  formation  of  large  scale  ^ 
vortices  that  grow  and  create  large  scale  disturban- 
ces of  the  potential  flow.  It  appears  from  their 
flow  visualization  that  such  vortices  receive  their 
energy  from  a shear  layer  that  separates  from  the 
skin  of  the  airfoil  and  rolls  over  to  generate  a 
growing  but  well  organized  separated  region.  Similar 
experimental  studies  with  unsteady  flows  over  air- 
foils that  Indicate  the  formation  of  similar  vortices 
have  been  performed  by  Ericsson  and  Reding'®®,  Maresca, 
Rebont  and  Valensi'®’,  Lang'®®  and  others. 
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Fig.  10.  The  angle  of  attack,  coefficients  of 
lift  and  moment,  and  the  hot  wire  signals  as  a 
function  of  time  for  a NACA  0012,  ux/Uq  * 0.15, 

Re  = 2.5  X 10®  and  a =■  15®  + 10®  sin  oit  (Ref.  95). 


The  author,  with  the  support  of  the  Army  Research 
Office,  has  undertaken  an  experimental  study  of  un- 
steady separation  and  some  preliminary  findings  are  reported  here.  Experiments  are  being  performed  In  a 
•water  tunnel  with  a long  test  section  to  achieve  relatively  thick  boundary  layers  with  not  so  small  vel- 
ocities. Most  favorable  conditions  for  such  studies  are  also  achieved  by  using  glycerin-water  mixtures. 

A thin  sheet  of  light  Illuminates  a plane  parallel  to  the  mean  flow  direction.  Through  the  same  optical 
path,  a flash  of  light  can  also  be  directed.  The  flow  Is  visualized  via  amberlite  and  pllollte  particles 
which  have  densities  very  close  to  the  density  of  the  water.  The  camera  exposes  the  film  for  a short 
period  of  time,  tn  and  the  particles  appear  In  the  film  as  short  segments  of  length,  say  si . The  average 
speed  of  a particle  1 can  be  thus  approximated  by  the  ratio  si/to,  provided  that  the  lengths  si  are  suf- 
ficiently small.  The  foot  of  all  these  segments  is  marked  by  a brighter  spot  which  Is  accomplished  by  a 
strong  flash  at  the  beginning  of  the  time  Interval  tg-  In  this  way  the  directionality  of  the  flow  can  be 
Investigated.  Dyes  are  also  used  In  the  wake  rather  than  In  the  mean  flow.  In  contrast  with  the  use  of 
smoke  by  Carr  et  a1.  A more  detailed  description  of  the  experimental  lay-out  will  be  Included  In  a later 
publication. 


The  transient  flow  In  the  vicinity  of  separation  Is  thus  Investigated.  Steady  separation  at 
two  distinct  locations,  Sj  and  Stj,  over  a circular  arc  was  accomplished  bv  giving  a flap  located  down- 
stream two  extreme  positions.  Starting  with  the  steady  flow  that  separates  at  Sj,  the  flap  Inclination 
Is  then  changed  Impulsively  and  the  transient  flow  Is  Investigated.  In  Fig.  11  we  show  the  flow  as  visual- 
ized by  the  method  described  above  at  an  Instant  t ° 0.5  sec.  after  the  Initiation  of  the  Impulsive  change. 
It  should  be  noted  that  for  Reynolds  numbers  of  the  order  of  1000,  the  wake  of  the  steady  flow  Is  fully 


Fig.  11.  Flow 
visualization  of 
the  neighborhood 
of  separation  for 
an  Impulsive 
change  of  the 
pressure  distri- 
bution. 
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turbulent  and  this  has  been  captured  in  flow  visualization  photographs.  It  is  therefore  quit^  interest- 
ing to  note  that  with  the  impulsive  change  of  the  pressure  gradient,  a strong  vortex  is  formed  in  the 
wake.  At  the  first  instant  of  the  flow,  the  vortex  appears  to  force  all  the  slow  moving  particles  to 
order  themselves,  while  the  location  of  separation  remains  unaffected.  The  boundary  of  the  wake  thus 
thickens  as  the  vortex  becomes  stronger.  In  other  words  there  is  a time  delay  similar  to  the  one  observed 
numerically  in  Ref.  97  and  99  or  analytically  in  Ref.  109.  We  should  also  emphasize  here  the  fact  that 
this  phenomenon  is  strongly  reminiscent  of  trailing  edge  separation  as  described  in  Ref.  95.  It  is  very 
interesting  that  in  our  case  too,  unsteady  separation  takes  the  form  of  a well  organized  vortex  that 
grows  in  strength  ano  then  propagates  over  the  surface  of  our  rigid  body  to  arrive  eventually  at  the  nev( 
position  of  separation.  It  is  believed  that  even  for  very  large  Reynolds  numbers,  as  in  the  cases  exa- 
mined by  Carr,  McAlister  and  McCroskey®^,  the  unsteadiness  reactivates  the  dead  fluid  and  gives  it  the 
form  of  a vortex  which  then  moves  accordingly  until  its  upstream  boundary  reaches  the  new  location  of  the 
point  of  separation. 

5.  CONCLUSIONS  AND  RECOMMENDATIONS 

Unsteady  laminar  flows  are  today  well  understood  and  theory  and  experiment  are  in  good  agreement 
provided  we  stay  away  from  the  neighborhood  of  separation.  A few  weak  points  in  the  theory  may  still 
require  some  basic  research,  especially  with  regard  to  the  singularities  that  appear.  Such  singularities 
however,  as  for  example  the  leading  edge  singularity  and  its  offspring  that  travels  downstream  over  an 
impulsively  started  flat  plate,  or  the  separation  singularity,  etc.,  are  creations  of  our  approximations 
and  bear  rather  little  physical  significance. 

Oscillating  turbulent  flows  are  more  common  in  engineering  applications  but  for  the  time  being,  our 
understanding  of  such  flows  is  rather  limited.  The  analytical  models  proposed  up  to  now  are  based  on 
empirical  constants  and  functions  estimated  by  comparison  to  steady  flows,  hence  their  “postdictions" 
compare  rather  poorly  with  the  experimental  data.  This  may  be  due  to  the  fact  that  until  only  a year 
ago  there  was  very  little  experimental  information  available. 

The  most  recent  experimental  results  that  we  have  described  in  the  present  paper  should  definitely 
provide  valuable  information  to  the  theoreticians.  However  the  experimentalists  should  provide  accurate 
initial  and  boundary  conditions  of  their  experiments  that  are  necessary  in  order  to  perform  calculations. 

It  has  been  common  practice  in  the  past  to  Initialize  the  theoretical  calculations  at  a certain  station 
far  downstream  of  the  leading  edge  or  the  stagnation  point.  Starting  with  most  of  the  characteristic 
features  of  the  flow  already  built-in,  it  is  not  surprising  that  the  results,  a few  stations  further 
downstream,  compare  favorably  with  the  experimental  data.  A reliable  theoretical  model  should  have  the 
capability  to  predict  the  flow,  even  if  integrated  from  the  earlier  steps  of  the  shear  layer  formation. 

To  avoid  confusion  with  unsteady  transition  and  oscillatory  disturbances  that  may  be  convected  downstream, 
experimentalists  may  have  to  trip  their  boundary  layers  and  make  sure  that  transition  is  controlled. 

Theoretical  investigations  may  soon  run  into  nonlinear  phenomena  that  permit  the  transfer  of  energy 
between  the  organized  and  random  fluctuations.  All  of  the  experimental  information  on  external  oscillating 
turbulent  boundary  layers  pertains  to  imposed  frequencies  outside  the  spectrum  of  turbulence.  However  it 
has  been  recently  pointed  out  that  in  the  case  of  a fluctuating  Jet  the  externally  imposed  oscillations 
transfer  energy  into  the  turbulent  motion. 

Unsteady  separation  and  the  determination  of  the  size  and  shape  of  the  wake  or  a growing  recirculating 
bubble  remains  open  for  Investigation.  Quite  a few  recent  studies  of  unsteady,  flow  over  airfoils  have 
indicated  various  unsteady  flow  patterns  and  identified  the  formation  of  large  eddies  that  g’^ow  and  pro- 
pagate over  the  airfoil.  However  the  physical  justification  of  such  phenomena  and  their  analytical  pre- 
diction appears  to  be  very  difficult.  Some  Investigators  believe  that  such  phenomena  could  be  reproduced 
via  first  order  boundary  layer  theories.  No  attempt  has  been  made  up  to  now  to  compare  theoretical  pre- 
dictions with  experimental  data.  One  of  the  reasons  for  failure  to  attempt  such  comparison  is  the  fact 
that  all  of  the  available  experimental  information  concerns  complex  flow  fields  that  involve  unsteady 
transition  and  unsteady  turbulent  boundary  layers.  The  work  in  this  direction  would  require  the  defini- 
tion of  a simple  unsteady  flow  which  could  be  easily  reproduced  in  the  laboratory.  Finally,  it  is  the 
opinion  of  the  present  author  that  transient  separation  phenomena  should  be  much  closer  to  real-life 
engineering  problems  like  unsteady  stall.  Indeed,  in  most  cases,  separation  performs  a rapid  excursion 
and  is  followed  by  an  overall  breakdown  of  the  flow.  Oscillatory  flow  fields  with  steady  separation  or 
separation  that  oscillates  with  a small  and  well  controlled  manner  appear  to  have  little  or  no  engineer- 
ing importance. 
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It  is  not  clear  from  the  review  paper  that  the  response  of  the  oscillating  turbulent  boundary  layer  to  purely  time- 
dependent  free  stream  oscillations  is  inherently  different  from  the  response  to  oscillations  incorporating  a travelling-wave 
type  convection  velocity.  This  point  can  be  best  illustrated  by  considering  the  free  stream  equations  for  two  simple 
oscillatory  conditions.  The  purely  time-dependent  free  stream  velocity  can  be  written  as 


V = Vo  -I-  V,e‘"‘ 

while,  for  the  travelling  wave  type,  we  have 

V = Vo  -I-  V,  eMt-x/Q) 


(1) 


(2) 


using  a constant  mean  free  stream  velocity,  Vo.  Equation  (2)  incorporates  an  oscillatory  component  of  free  stream 
velocity  which  varies  with  downstream  distance,  x , while  Equation  ( 1 ) is  only  a special  form  of  (2),  with  Q -►  <» . If 
Equation  (2)  is  substituted  into  the  free  stream  terms  of  the  boundary  layer  equations,  we  have  for  the  first  order 
perturbation  terms 


av  nv  V 

— +V^  = iwV,eMt-x/Q)_it^,_^  V,e‘‘^*“*/Q) 


dx 


(3) 


There  are  several  deductions  arising  from  this  equation.  For  the  purely  time-dependent  free  stream  oscillation,  with 
Q -*■  oo , the  second  term  on  the  right-hand  side  of  Equation  (3)  vanishes.  Then,  the  free  stream  forcing  term  in  the 
boundary  layer  equations  (or  the  oscillating  pressure  gradient)  leads  the  free  stream  by  90°  and  results  in  the  velocity 
phase  leads  within  the  boundary  layer  which  have  been  observed  for  this  case  by  so  many  researchers.  For  the  travelling- 
wave  type  of  free  stream  oscillation,  however,  if  Q < Vj,  then  the  second  term  on  the  right-hand  side  of  Equation  (3) 
is  dominant  and  the  oscillating  pressure  gradient  lags  the  free  stream  by  90°.  This  gives  rise  to  a velocity  phase  lag  within 
the  boundary  layer  as  is  reported  in  References  1 3 and  56  of  the  review  paper  for  both  laminar  and  turbulent  boundary 
layers.  This  point  needs  to  be  made  especially  clear  for  the  results  reproduced  in  Figure  1 of  the  review  paper. 

Furthermore,  for  the  travelling-wave  type  of  free  stream,  with  Q < Vo,  the  oscillating  pressure  gradient  tends  to 
have  larger  amplitudes  then  for  the  case  with  Q -» <>o . This  leads  to  higher  overshoots  in  velocity  amplitude  since,  for 
Q < Vq,  the  accelerative  influence  of  the  oscillating  pressure  gradient  on  the  slower-moving  fluid  within  the  boundary 
layer  is  proportionately  greater.  These  higher  overshoots  are  a feature  of  both  laminar  and  turbulent  flows  as  reported 
for  the  experiments  in  Reference  1 3 and  56. 

The  miqor  conclusion  to  be  drawn  here  is  that  the  response  of  an  unsteady  laminar  or  turbulent  boundary  layer  can 
be  drastically  affected  if  a time  dependent  component  of  the  free  stream  velocity  varies  significantly  with  distance  down- 
stream. 

There  appears  to  be  an  error  in  Figure  5 of  the  review  paper.  Here,  two  significantly  different  curves  are  presented 
from  Reference  56  for  the  longitudinal  turbulence  intensity  distributions  within  the  boundary  layer.  However,  in  the 
work  reported  in  Reference  56,  no  consistent  difference  was  found,  within  the  constraints  of  experimental  error,  between 
the  steady  flow  and  time  averaged  turbulence  intensities  for  the  oscillating  turbulent  boundary  layer.  It  is  not  clear  how 
the  curves  of  Figure  5 were  obtained  from  Reference  56. 

It  is  stated  in  the  review  paper  that,  for  the  laminar  boundary  layer  calculations  reported  in  Reference  13,  the 
validity  of  the  boundary  layer  equations  could  impose  an  upper  bound  on  frequency,  cu , when  the  travelling  wave  length 
is  of  the  same  order  as  the  boundary  layer  thickness.  This  is  certainly  true  but  in  the  numerical  example  given,  for 
L ~ 0.25  m , Vq  = 10  m/s  and  Q/V#  = 0.77 , cjL/Vo  ~ 5 gives,  in  fact,  a wavelength  of  0.24  m which  is  hardly  of  the 
same  order  as  the  boundary  layer  thickness.  For  the  data  reported  in  Reference  1 3,  the  ratio  of  travelling  wave  length  to 
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mean  boundary  layer  thickness  has  a minimum  value  of  200  for  the  experiments  and  a minimum  value  of  40  for  the 
theory  at  the  highest  frequency  parameter  presented,  <oL/Vo  = 8 . 

Finally,  I have  a comment  regarding  the  calculations  reported  around  Equations  3. 1 7 to  3. 1 9 of  the  review  paper. 
It  is  suggested  that  the  lack  of  a predicted  overshoot  was  not  a consequence  of  the  turbulence  model  but  due  to  the  fact 
that  the  laminar  sublayer  and  the  buffer  regions  between  it  and  the  fully  turbulent  flow  were  not  modelled  sufficiently 
well.  It  is  instructive  that  the  only  calculation  which  gave  Telionis  and  his  coworkers  anything  close  to  a realistic  over- 
shoot was  the  quasi-laminar  model  reported  in  the  review  paper  for  Reference  72.  This  kind  of  calculation  would  have 
come  closest  to  modelling  the  region  very  near  the  wall  in  a realistic  manner. 
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RESUME 


On  prSaente  I'Stude  experimentale  d'une  couche 
llmite  Curbulente  se  dSveloppint  en  presence  d'un 
dcoulemenc  exC^rieur  puls^. 

Pour  analyser  sSparSment  la  composante  p£rio~ 
dique  de  la  vitesse  et  sa  fluctuation  turbulente, 
une  analyse  gtatistique  des  donnSes  provenant  d'a- 
ngmomStres  i fil  chaud  est  siise  en  jeu. 

Parallilement,  une  mSthode  de  resolution  des 
Equations  locales  a EtE  mise  au  point  en  utilisant 
soit  un  schEna  de  longueur  de  mElange,  soit  un 
systeme  d' Equations  de  transport.  Une  technique 
pratique  faisant  appel  i la  resolution  des  Equa- 
tions globales  est  Egalenent  prEsentEe. 

Le  problEne  du  dEcollement  ou  de  la  formation 
de  singularitEs  dans  le  calcul  de  couche  limite  i 
vitesse  extErieure  imposEe  est  abordE  en  utilisant 
la  mEthode  intEgrale. 

EXPERIMENTAL  RESULTS  AND  CALCULATING 
METHODS  CONCERNING  TRANSITIONAL  AND 
TURBULENT  BOUNDARY  LAYERS  IN  UNSTEADY 
FLOW 

A turbulent  boundary  layer  developing  in  an 
oscillating  external  flow  is  experimentally  studied. 

We  analyse  the  periodic  component  and  the  tur- 
bulent fluctuation  of  the  velocity  separately  with 
the  aid  of  a statistical  treatment  of  data  from 
hot  wire  anemometers. 

We  also  present  a numerical  method  for  solving 
the  local  equations  by  using  a mixing  length  scheme 
or  a transport  equation  model.  An  integral  method 
of  prediction  is  also  used. 

The  question  of  separation  or  of  occurence  of 
singularities  in  the  boundary  layer  calculation 
with  an  imposed  external  velocity  are  approached  by 
using  the  integral  method. 


I - INTRODUCTION 

Dans  une  Etude  systEmatique  que  nous  avons 
entreprise  sur  les  effets  de  pulsation  de  I'Ecou- 
lement  sur  le  dEveloppement  d'une  couche  limite 
turbulente,  deux  buts  essentiels  ont  EtE  pour- 
suivis  : 

- Obtenir  R partlr  de  I'expErience  des  renseigne- 
menta  dEtaillEs  relatifs  aux  effets  de  I'insta- 
tionnaricE  sur  lea  caractEristiques  de  la  couche 
limite.  II  s'aglt  IR  en  fait  d'une  Etude  fondamen- 
tale  destinEe  R prEciser  la  structure  de  la  tur- 
bulence en  Ecoulement  pulsE  et  rEalisEc  R I'aide 
d'une  aiEthode  d'enalyse  statistique  permettant 
d'Etudier  sEparEment  les  composantes  moyenne  et 
alEatoire  de  la  vitesse. 


- Utiliser  les  conclusions  de  cette  Etude  expE- 
rimentale  R la  fois  comae  support  pour  Etablir 
les  hypothEses  R mettre  en  oeuvre  dans  I'Etablis- 
sement  de  mEthodes  de  calcul  et  comme  moyen  de 
controle  de  la  validitE  des  rEsultats  auxquels 
elles  conduisent.  Plusieurs  mEthodes  ont  EtE  mi- 
ses  en  oeuvre. 

L'une,  de  type  IntEgml,  est  dEdulte  tpEs  sim- 
plement  d'une  mEthode  Etablie  antErieurement  en 
stationnaire . 

Deux  autres  font  Intervenlr  la  rEsolutlon  des 
Equations  locales  ou  I'on  utilise  soit  un  schEma 
de  longueur  de  mElange,  soit  un  modEle  d'Equations 
de  transport  pour  I'Energie  cinEtique  de  turbu- 
lence et  pour  son  taux  de  dissipation. 

D'autres  problRmes  importants  sont  ceux  du 
dEcollement,  de  1 'apparition  de  singularitEs  dans 
le  calcul  de  la  couche  limite  et  des  conditions 
de  leur  formation.  Une  mEthode  d'analyse  de  ces 
problRmes  est  proposes  quand  on  utilise  la  mEtho- 
de intEgrale. 

2 - CONDITIONS  DE  L' ETUDE  EXPERIMENTALE  EFFECTUEE. 
2.1  - Le  montage  expErimental 

Un  Ecoulement  instationnaire  pEriodique  eat 
crEE  R I'aide  d'un  papillon  tournant  dans  le  dif- 
fusseur  d'une  aoufflerie  subsonique  (Fig.  I). 
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PIC.  I : DISPOSITIF  EXPERIMENTAL. 
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Le  diveloppement  de  la  couche  Unite  eat 
StudiS  le  long  du  plancher  de  la  veine  dont  la 
section  rectangulaire  a pour  dimensions 
100  m X 110  om.  Les  mesures  de  vitesse  sont  ef- 
fectudes  au  moyen  d'anSmomStres  i fil  chaud  3 tem- 
perature constante.  Une  sonde,  ioaobile  dans  !'£- 
coulement  extdrieur,  est  utilisde  cone  reference. 
Elle  est  placee  3 1 'aplomb  d'une  seconds  sonde 
qu'on  peut  deplacer  perpendiculairement  3 la  paroi 
pour  explorer  la  couche  limite.  Quatre  stations 
dnt  ete  sondees  ; si  Xi  - 0 est  I'abscisse  de  la 
premiere,  les  autres  sont  X2  - 70  mn,  X3  - 140  n, 
X4  - 210  mm. 

Les  tensions  de  sortie  des  anemometres  sont 
d'abord  enregistrees  sous  forme  numerique  sur  une 
bands  magnetique  ; elles  sont  ensuite  traitees  sur 
ordinateur . 

2.2  - Exploitation  des  donnees. 

Le  traitement  consists  d'abord  3 transfor- 
swr  la  tension  en  grandeur  physique  en  utilisant 
la  loi  d'etalonnage  ; il  consiste  ensuite  3 effec- 
tuer  une  analyse  statistique  des  donnees  qui  per- 
mettra  d'etudier  separement  la  composante  moyenne 
de  la  vitesse  et  sa  fluctuation.  Une  moyenne  est 
entendue  ici  au  sens  moyenne  d' ensemble  determi- 
nes 3 partir  d'un  grand  nombre  de  realisations  du 
meme  phenoia3ne.  Contrairement  au  cas  d'un  ecou- 
lement  stationnaire  il  est  clair  que  moyenne  d'en- 
semble  et  moyenne  dans  le  temps  ne  sont  pas  equi- 
valentes. 

Puisque  I'ecoulement  est  periodique,  cheque 
pCriode  constitue  une  realisation  particuliSre 
du  meow  phenom3ne.  Si  la  frequence  de  pulsation 
est  faiblc  devant  les  temps  caracteristiques  de 
la  turbulence,  on  peut  considdrer  de  plus  que  deux 
mesures  espacdes  d'une  periods  sont  pratiquenent 


independantes  I'une  da  1' autre.  Ainsi,  pour  cal- 
culer  par  example  la  moyenne  U de  la  vitesse 
instantannee  u,  nous  faisons  la  sonme  des  valeurs 
prises  par  u 3 des  instants  correspondant , dans 
les  periodes  successives,  3 un  angle  de  phase 
identique  dans  la  pdriode  de  I'ecoulement  exte- 
rieur. 

Le  reperage  de  1 'angle  de  phase  est  assure 
par  un  systeme  de  synchronisation  par  cellule 
photoeiectrique,  directement  lie  3 la  rotation 
du  papillon.  Ce  systSme  deiivre  un  train  d' im- 
pulsions decoupant  la  periods  en  24  intervalles 
et  il  pilots  la  chatne  d'acquisition  de  donnees 
en  agissant  conse  horloge  externe  : on  enregis- 
tre  ainsi  les  mesures  3 des  instants  bien  deter- 
mines dans  la  periods. 

La  fluctuation  u',  dont  la  moyenne  d'en- 
semble  est  nulle,  est  calcuiee  par  difference 
entre  U et  u.  Elle  est  analyses  separement  3 
I'aide  par  exemple  de  son  dcart  type 
calcuie  aussi  3 partir  d'une  moyenne  d'ensemble  ; 
elle  est  analysee  aussi  3 I'aide  de  moments 
d'ordre  superieur  ou  encore  par  sa  densite  de 
probabilite. 

A I'aide  de  sondes  3 fils  croises.  nous  avons 
aussi  mesure  la  composante  transversals  ^'iet  la 
tension  turbulente 

2.3  - Conditions  d'ecoulenent  exterieur. 

Deux  configurations  ont  ete  etudiees,  dif- 
ferant  essentiellement  I'une  de  I'autre  par  les 
distributions  de  la  vitesse  exterieure,  represan- 
tees  sur  la  figure  2 3 I'aide  de  1 'analyse  hanao- 
nique.  Dans  les  deux  cas  la  frequence  a etC  choi- 
sie  de  telle  faqon  que  la  distorsion  harmoniquc 
soit  tr3s  faible. 
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A un  instant  donnA,  la  vitaaae  extCrleure 
n'est  pas  conatante  : il  se  forme  an  effct  un  sys- 
time  d'ondes  qui  se  rif lechlssent  et  interftrent. 
Entre  le  premier  et  le  dernier  point  de  meaure, 
on  note  un  diphasage  de  I'ordre  de  4*  correspon* 
dant  i une  vitesae  de  convection  de  I'onde  de 
I'ordre  de  770  m/a,  c'est  i dire  tris  supCrieure 
A la  vitesae  moyenne  de  I'dcoulement. 


L'analyae  harmonique  montre  aussi  que  la 
compoaante  continue  de  la  vitesae  extSrieure  varie 
peu  alors  que  I'amplitude  ddcrolt  d'environ  10  Z> 


Pour  lea  deux  configurations  £tudi£es  I'am- 
plitude relative  de  variation  de  la  vitesae  extS- 
rieure  eat  du  memc  ordre  de  grandeur  : elle  eat 
voisine  de  35  Z.Les  deux  configurations  diffirent 
par  lea  valeurs  du  nombre  de  Reynolds  et  du  noiabre 
de  Strouhal  : 


Configuration  I : 4 1®* 


Configuration  2 : 5 


r ^0* 


Pria  de  la  psroi,  le  signal  eat  formi  de 
fluctuations  importantea  superpoades  i une  ten- 
dance moyenne  piriodique.  Un  peu  plus  loin  de  la 
paroi,  cea  fluctuations  sont  nettement  diaaymitri- 
quea  et  apparaissent  coamie  des  pics  dirigia  vers 
lea  valeurs  negatives.  De  plus,  il  eat  clair  que 
cea  fluctuations  se  localisent  dans  une  partie 
bien  dCliadtAe  de  la  pdriode.  Cette  derniire  ob- 
servation s'explique  par  une  variation  pdriodique 
forcCe  de  la  frontiire  libre  de  la  couche  limite  : 
pdriodiquement  la  sonde  se  trouve  plongde  dans  la 
couche  limite  oQ  1' intensity  de  turbulence  eat 
plus  importante  que  dans  I'dcoulement  extdrieur. 

Ce  mouvement  control^  de  la  frontiSre  de  couche 
liute  se  superpose  en  fait  i un  auuvement  alia- 
toire  qui  fait  I'objet  de  nombreuaes  Atudes  en 
Ccoulement  atationnaire. 

L'dtude  expdrimentale  que  nous  allons  dScri- 
re  eat  consacrde  en  grande  partie  maintenant  A 
l'analyae  des  phAnoiaAnes  suggSrSs  par  I'observation 
de  ces  photographies. 

3.2  - Vi  teases  moyennes. 


La  distance  X intervenant  ici  est  une  dis- 
tance fictive  ndceasaire  au  ddveloppement  d'une 
couche  limite  atationnaire  sans  gradient  de  pres- 
sion,  dont  I'Apaiaseur  sersit  I'Apaisscur  moyenne 
de  la  couche  limite  instationnaire  A la  premiAre 
station  de  sondage. 

Dans  les  deux  cas  le  taux  de  turbulence 

de  I'Acoulement  extArieur  est  de  I'or- 
dre de  7Z,  . 

3 - ANALYSE  DES  RESULTATS. 

3.1  - Oscillonranmies. 


La  vitesae  moyenne  U a At£  dCterminAe  come 
ax>yenne  d' ensemble  aur  600  pAriodes.  Elle  dApend 
de  trois  variables  indApendamtes  x,  y,  t.  Aussi 
pour  avoir  une  image  prAcise  de  son  Avolution  nous 
avons  utilisA  deux  types  de  reprAaentation. 

Evolution  de  U en  fonotion  du  tempo.  Analyse  har- 
monique. 

La  rAponse  de  la  couche  limite  A la  pertur- 
bation extArieure  pent  etre  AtudiAe  simplement  A 
I'aide  de  l'analyae  harmonique  de  la  vitesae  mo- 
yenne. Sur  la  figure  A nous  prAsentona  les  rAsul- 
tats  de  cette  analyse  en  nous  limitant  A ceux  con- 
cernant  la  frAquence  fondamentale. 


Une  premiAre  analyse  qualitative  du  compor- 
tement  de  la  couche  limite  est  I'observation  de 
I'enregistrement  du  signal  de  sortie  de  I'anAmo- 
mAtre.  Dans  les  deux  configurations  les  observa- 
tions sont  identiques  et  nous  donnons  ici  seule- 
ment  les  oscillogrammes  correspondent  A la  deu- 
xiAme  configuration  (Fig.  3). 


FlC.  3 : SIGNAL  DE  L'ANEMOMETM. 


On  note  d'abord  que  les  profils  de  la  compo- 
sante  continue  U»4  / eont  voisins  pour  les 
deux  configurations  AtuoiAes.  L'allure  et  les 
caractAristiques  de  ce  profil  sont  d'ailleurs  trAs 
sensiblement  celles  que  I'on  aurait  pour  une  cou- 
che limite  atationnaire  de  plaque  plane.  Ceci 
confirme  le  fait  notA  aussi  par  d'autres  auteurs 
[a  - 6]  que  les  termes  non  linAaires  n'ont  qu'une 
faible  influence  sur  la  compoaante  continue  de  la 
vitesse. 

L'analyae  harmonique  montre  aussi  que  dans 
la  rAgion  externe  de  la  couche  limite,  I'amplitu- 
de de  la  compoaante  en  phase  est  supArieure  A la 
valeur  imposAe  A I'Acoulement  extArieur.  Ceci 
peut  s'expliquer  en  considArant  le  tracA  de  I'Avo- 
lution  de  U en  fonction  du  temps  A diffArentes 
altitudes  dans  la  couche  limite  (Fig.  A)  et  en 
remarquant,  coorae  nous  le  verrons  plus  loin,  que 
la  variation  forcAe  d'Apaisseur  de  couche  limite 
est  grossiArement  en  opposition  de  phase  avec  la 
vitesse  extArieure.  Comparons  en  effet  les  cour- 
bes  tracAes  pour  y»  ISmmety-Amm:  A 1' ins- 
tant t/T  • 0.5  I'Apaisseur  de  couche  limite  est 
voisine  de  son  minimum  alors  qu'A  1' instant 
t/T  - I elle  est  voisine  de  son  maximum  ; ainsi 
pour  y • A nm  U est  plus  voisin  de  U^  A 1' ins- 
tant t/T  • 0.5  qu'A  I'instant  t/T  • I et  I'ampli- 
tude de  U en  y • A nm  est  supArieure  A celle  de 
Ug. 

On  remarque  aussi  que  le  profil  de 
la  compoaante  en  phase  et  le  maximum  du  dAphasage 
sont  dAcalAs  vers  les  valeurs  plus  faiblea  de  y 
pour  la  deuxiAsM  configuration.  Ceci  eat  imputa- 
ble certainement  A la  variation  du  nombre  de 
Strouhal.  Il  est  connu  en  effet  que  le  rapport  de 
I'Apaisseur  de  la  couche  instationnaire,  c'est  A 
dire  de  la  rAgion  oQ  les  cffets  instationnaires 
sont  signif icatifa,  A I'Apaisseur  moyenne  de  la 
couche  limits,  dAcrott  quand  le  nombre  de  Strouhal 
augments  ; quand  le  nombre  de  Strouhal  deviant 
trAs  grand  les  effete  instationnaires  sont  con- 
fioAs  A une  couche  trAs  mince  prAs  de  la  paroi. 
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Dans  lea  deux  configurations  on  observe  des 
valeurs  positives  de  I'angle  de  phase  8 I'intd- 
rieur  de  la  couche  liaite.  Ceci  s'explique  par 
le  fait  que  dans  la  couche  lisiite,  la  vi tease 
etant  plus  faible  que  dans  I'tcouleaent  extSrieur, 
1' inertia  y eat  plus  faible.  La  reponse  au  gra- 
dient de  pression  eat  done  plus  rapide  dans  la 
rdgion  interne  de  la  couche  limite.  Le  gradient 

de  pression^v^^  t nt  en  avsnee  de  phase  de  90* 
par  rapport  8 la  vitesse  extdrieure,  il  n'est  pas 
paradoxal  de  trouver  des  diphasages  positifs  dans 
la  couche  liaite. 

Dans  la  rdgion  externe  de  la  couche  liaite 
des  valeurs  negatives  du  dephasage  ont  dtd  aesu- 
rdes  dans  la  deuxidae  configuration,  mais  ceci 
n'a  pas  Ctd  observe  dans  la  premi8re  etude.  II  se 
peut  que  dans  ce  cas  I'angle  de  phase  etait  trop 
petit  pour  Stre  aeaurd  avec  une  precision  suffi- 
sante.  Ce  aeae  phenoaine  eat  d'ailleurs  decelable 
aussi  dans  les  experiences  de  KARLSSON  [a]  . 
Ajoutons  encore  qu'en  dcouleaent  laainaire  le 
calcul  et  1 'experience  indiquent  que  le  saxiaua 
du  retard  de  phase  presente  une  valeur  siaxioule 
quand  on  varie  syateaatiqueaent  le  noabre  de  Strou- 
hal. 

Lea  resultats  qui  viennent  d'etre  presentes 
et  qui  decrivent  la  reponse  de  la  vitesse  dans  la 
couche  liaite  sont  susccptibles  d'itre  tris  diffe- 
renta  selon  la  nature  de  la  pulsation.  PATEL  [6] 
a etudie  1' influence  de  la  vitesse  de  convection 
de  I'onde  et  a aontre  en  particulier  que  le  profil 
du  dephasage  peut  ctre  totaleaent  aodifie  8 cause 
de  la  presence  dans  le  tcrae  de  gradient  de  pres- 
sion du  terae  qui  joue  un  rSle  iaportant. 

Profile  de  viteeeee. 

Une  seconds  represantation  consists  8 tracer 
8 differents  instants  les  profils  da  vitesses  en 
une  station  donnee.  Chaque  profil  cat  obtenu  pour 
une  valcut  fixes  de  I'angle  de  phase  dans  la  perio- 
ds de  I'ecoulsaMnt  exterieur,  et  il  ast  rendu  sans 
diaension  en  divisant  la  vitesse  par  sa  valeur 
axtericure,  Cas  profila  sont  donnCs  figures  Sa  at 
Sb  pour  las  deux  configurations  8 la  station  4. 


i 

i 

I 

I 


i 
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Station  4 


/ / 7/ 

0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1 

-►  U/Ue 


Une  parti*  da  I'ivolution  daa  profila  cat 
dua  i la  variation  forcda  da  I'dpaiaaaur  da  concha 
linita  ; capandant  on  obaarva  una  variation  da  for- 
■a  da  caa  profile  li(a  1 I'altarnanca  da  gradiant* 
da  praaaion  inatantani*  poaitifa  at  ndgatifa.  On 
raaarqua  d'aillaura  qua  catta  dCforaution  aat  plua 
accantuda  dana  la  dauxiiaa  configuration.  En  affat 
un  paraaitra  aaaantial  qui  ddfinit  la  foraa  du 
profil  da  vitaaaaa  aat  ralid  i la  quantitd 

■V  T~  s - “T  dont  la*  variation*  aont  baau- 

U!  ui  H 

coup  plua  inportantaa  dana  la  dauxidaa  caa.  Corrd- 
lativeawnt  on  obaarva  I'dvolution  du  factaur  da 
foraa  B qui  traduit  bian  la  variation  da  foraa  daa 
profila.  On  nota  ancora  qua  H varia  autour  d'una 
valaur  aopanna  plua  dlavda  dana  la  dauaiiaa  confi- 
guration : caci  a'axpliqua  cartainaaant  par  la 
diffdranca  da  noabra*  da  Raynolda. 


3.3  - Intanaitd  da  turbulanca  - Frottaaant  turbulant. 

Lea  fluctuationa  turbulantaa  u*  da  la  vitaaaa 
longitudinal*  aont  calculdaa  par  diffdranca  antra 
la  vitaaaa  inatantanda  u at  la  aioyenna  d'anaaabla 
U.  L'dcart-typ*  (i?y*ddfinit  la  conpoaanta  lon- 
gitudinal* da  I’dnargia  cindtiqua  da  turbulanca. 

L'affat  du  gradiant  da  praaaion  variable 
dana  la  pdrioda  peut  encore  etre  oda  en  relief  en 
traqant  lea  profila  (X5*)^/0*,(Fig.  6a  at  6b), 
pour  leaquela  apparait  une  variation  da  forme  tout 
d fait  caraetdriatique.  On  note  auaai  qua  catta 
ddformation  eat  noina  accantude  pour  la  preaiira 
configuration.  Lea  rnSnaa  obaervationa  peuvant  atra 
rdpdtdea  ai  I'on  conaiddre  I'dvolution  daa  profila 
da  la  tenaion  turbulent*  (Fig.  13). 


b : PROFILS  DE  VITESSE  MOTENNE  (configuration  2). 
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FIC.  6a  : PRDFILS  DE  L'lNTENSITE  LOHGITUDIHALE  DE  TURBULENCE 
(configuration  1). 
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riG.  6b  : PROFILS  DE  L'INTENSITE  LONCITUDINALE  DE  TURBULENCE 


(configuration  2). 


Las  neaures  de  la  tension  turbulente  peraet' 
tent  de  plus  d'analyser  des  quantitds  qui  jouent 
un  role  ivportant  dans  de  noisbreuses  sidthodes  de 
calcul.  Par  exennle  on  a calculi  le  coefficient 
de  corrdlation  - u.' V* /(  u!*  . qui  est  reprdsencd 
figure  7 cone  une  fonction  du  tesips  pour  diffd- 
rentes  altitudes  dans  la  couche  lisiite.  Dans  une 
rdgion  asses  dtendue  prds  de  la  paroi  sa  valeur 
est  voisine  de  0.5,  valeur  trds  proche  de  ce  qui 
est  gdndralesient  nesurd  en  ecouleoent  stationnaire. 
Ce  coefficient  tend  dvidenent  vers  sdro  S I'extd- 
ricur  car  le  frotteaient  s'annule  alors  que  I'in- 
tensitd  de  turbulence  atteint  sa  valeur  extdrieure 
non  nulle. 

Un  schdu  de  turbulence  classique  est  celui 
de  longueur  de  adlange  pour  lequel  nous  avons  tentd 
une  vdrification  directs  d partir  des  oesures  de 


1 


froetannt  turbulent  et  de  vitesse.  Pour  cela,  on 
doit  ddtensiner  la  ddrivde  ^ et  calculi  la 

longueur  de  ndlange  par  le  rapport  1 o'v^  ’ 

pour  dviter  une  trop  grande  dispersion  des  rdsul- 
tsts  les  profits  de  vitesses  ont  du  etre  lissds. 

La  distribution  ainai  obtenue  de  la  longueur  de 
■dlange  est  prdsentde  figure  8 pour  quatre  instants 
dans  la  pdriode  ; elle  correspond  aux  rdsultats  de 
la  deuxidae  configuration.  On  note  un  asses  bon 
accord  avec  une  distribution  classique  utilisde 
cn  stationnaire,  sauf  dans  une  partie  de  la  pdriode 
voisine  du  aaxiaua  de  vitesse  oO  des  dcarts  iapor- 
tants  apparaisaent. 


0 1 2 t/T 


0 1 2 t/T 


FlC.  7 : OOEFPICIBNT  DE  CORREUTION  (configuration  2). 
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Station  4 


3.4  - Etude  »tatittique  d«  1«  f luctuatioa  u* . 


Deneiti  da  probabiliti. 


Dee  infomations  conpldaentairce  intCraaaautea 
M aont  tirCea  da  I'analyae  de  la  diatribution  atatia- 
^ f tiquc  dea  fluctuationa  turbulcntca  da  la  aiteaaa 
— • lontitudinala.  La  denaitd  da  probabilitC  de  u'  a 

24  tti  diterainia  at  quelquei  rCaultata  aont  priaantCa 
aur  la  figure  9 pour  deux  inatanta  (7  at  19)  4 dif- 
firantaa  altitudaa  dana  la  coucha  liaite  ; cea  rd- 


FIC.  8 : DISTRIBUTION  DE  LONGUEUR  DE  MELANGE 
(configuration  2). 


aultata  corraapondent  1 la  dauxiiaa  configuration. 

Let  courbea,  portdaa  an  fonction  da  la  varia- 
ble centrda  at  noraaliaie  /(J(3)^Bont  coapardet 
4 la  denaitd  da  probabilitd  d'una  variable  aldatoi- 
ra  qui  auit  la  loi  de  Cause.  On  peut  constatar  qua 
prdt  de  la  paroi  at  dana  I'dcouleaant  axtdriaur,  la 
fluctuation  turbulenta  suit  4 peu  prda  une  loi  de 
Gauss  : antra  ces  deux  rdgions,  la  densitd  da  pro- 
babilitd de  u'  est  forteaent  ddforade.  Qualitati- 
veaent,  pour  un  angle  de  phase  donnd,  la  coaporta- 
aent  de  catta  fonction  est  trds  voisin.de  calui 
observd  an  dcoulaaent  stationnaire  17]  .Si  on 
sa  rdfSre  3 ce  cas,  la  ddforaation  de  la  densitd 
de  probabilitd  est  la  consdquance  du  phdnoadna 
d'interaittence  qui  rdsulte  lui-aeme  du  aouveaent 
aldatoire  de  la  frontiSre  libra  da  la  coucha  liaite. 
Quand  la  sonde  est  4 I'extdrieur  das  bouffdes  tur- 
bulentes,  on  aesure  une  vitesse  4 peu  pr4s  Cons- 
tanta at  peu  fluctuante,  alors  qu'4  I'intdrieur 
das  bouffdes,  alia  est  beaucoup  plus  agitde.  La 
valeur  aesurde  4 I'extdrieur  est  ainsi  beaucoup 
plus  probable  que  les  autres  et  conduit  4 un  pic 
de  la  densitd  de  probabilitd.  D'autre  part  la  vi- 
tesse 4 I'intdrieur  des  tourbillons  dtant,  pr4s 
de  la  frontidre,  plus  faible  qu'4  I'extdrieur,  ce 
pic  se  produit  pour  des  valeurs  positives  de  u' . 


: DENSITE  DE  PROBABILITE 
DE  u'  (configuration  2). 
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La  position  instantanSe  de  la  frontidre  libra 
da  la  couche  liaite  eat  une  gxandaur  aliatoire  dont 
la  fonction  da  repartition  eat  la  factaur  d* inter- 
■ittence  ; la  courbe  )f(y)  reprisente  done  la 

probabilitd  pour  qua  la  frontiire  axteriaura  de  la 
couche  liaite  aoit  auperiaura  i y. 

En  dcouleaent  stationnaira,  aaia  dans  ce  cas  seula- 
aent,  ^ (y)  rapresanta  aussi  la  rapport  du  teaips 
pendant "lequel  on  observe  un  Scouleaent  turbulent, 
au  teaps  total  d'observation  d I'altitude  y. 

Dans  I'ecouleaent  extdrieur,  la  densitC  de 
de  probabilite  de  u'  eat  quasiaent  gsusslenne 
cooae  e'est  le  cas  de  la  turbulence  derridre  une 
grille  en  Scouleaent  stationnaire. 


L'dvolution  en  fonction  de  1 'angle  de  phase 
de  la  distribution  tlj^aontre  1*  oscillation  forcte 
de  I'epaiasaur  da  co&ha  liaite.  Cepandant,  si  la 
distance  noxaale  y est  rdduitc  par  la  valeur  de 
y pour  laquelle  T ' 0.5  toutes  las  courbes  se  re- 
groupent.  A titre  de  coaparaison,  nous  avons  dga- 
leaent  portd  sur  la  aaaa  grapha  las  points  aesuris 
par  KLEBANOFF  L?]  dans  la  cas  d'une  couche  liaite 
stationnaire  de  plaque  plane.  Cat  auteur  a d'ail- 
leurs  aontrd  qua  ses  rdsultats  itaient  bien  raprt- 
sentAs  par  la  fonction  de  repartition  d'une  varia- 
ble aldatoire  suivant  une  loi  de  Gauss. 

4 - CALCUL  DE  LA  COUCHE  LIMITE. 


On  note  enfin  que  I'evolution  suivant  y de 
la  courbe  de  la  densitS  de  probabilitf  dSpend  for- 
teaent  de  I'angle  de  phase  ; ceci  s'explique  en 
grande  partie  par  las  oscillations  foredes  de  I'A- 
paisseur  de  couche  liaite. 

Faottwr  d’aplatiaeament. 

Sous  certaines  hypothdses,  (valeurs  moyennes 
de  la  vitesse  dans  les  rdgiaes  turbulents  et  non 
turbulents  confondues,  fluctuations  de  vitesse  nul- 
les  an  rdgiae  non  turbulent),  ce  coefficient  est 
lid  au  facteur  d'aplatisseaent  F par  la  fonaile  : 

Tf  - 3 / F avec  F - (^)  / 


Nous  avons  utilisd  ce  proeddd  simple  pour 
apporter  quelques  informations  sur  le  inouvement  de 
la  frontiire  (Fig.  10).  Pris  de  la  paroi,  la  dis- 
tribution de  u'  est  pratiqueisent  gaussienne  ; en 
consdquence  le  facteur  f est  voisin  de  I : on 
est  en  presence  d'un  rdgiaw  toujours  turbulent. 

La  diminution  de  iT  A partir  de  valeurs  faibles 
de  y est  une  indication  de  la  grande  amplitude 
du  inouvement  aldatoire  de  la  frontiire  libte.  A 
I'extdrieur,  "f  redevient  dgal  3 I parce  que  la 
fluctuation  u'  suit  3 nouveau  approximativement 
une  loi  de  Gauss  comae  le  fait  la  turbulence  der- 
ri3re  une  grille. 


FIG.  10  : FACTEUR  D'AFLATISSEMENT  (configuration  2) 


Les  rSsultats  qui  viennent  d'etre  prdsentEs 
montrent  que  le  comportement  de  la  couche  limite 
et  de  la  turbulence  ne  semble  pas  profonddment  af- 
feetd  par  le  caraetdre  instationnaire  de  I'dcoule- 
ment.  Par  example,  les  profils  de  vitesse  sont  re- 
prdsentds  correctement  par  des  profile  appartenant 
3 une  famine  dtablie  en  stationnaire  ; les  profils 
de  turbulence  ne  semblent  pas  avoir  non  plus  des 
allures  fondamentalement  diffdrentes  de  celles  ob- 
servdes  en  stationnaire.  Ces  constatations  condui- 
sent  3 penser  que  les  hypothdses  introduites  dans 
les  methodes  de  calcul  en  stationnaire  peuvent 
etre  conservdes  en  instationnaire  ; la  valeur 
du  coefficient  de  corrdlation  est  dgalement  trds 
voisine  de  celle  mesurde  en  stationnaire.  Cepen- 
dant,  il  est  dvident  que  I'on  ne  peut  porter  un 
jugeraent  sur  une  methode  qu'aprds  avoir  testd 
les  rdsultats  auxquels  el les  aboutissent. 

Deux  types  de  methodes  ont  dtd  testds.  D'une 
part,  une  mdthode  de  rdsolution  des  dquations  loca- 
les a dtd  mise  au  point  ; le  schdma  de  turbulence 
est  soit  un  moddle  de  longueur  de  mdlange  soit  un 
modSle  d'dquations  de  transport.  D'autre  part,  une 
mdthode  de  rdsolution  des  dquations  globales  a dtd 
analysde. 

Avant  de  prdsenter  les  rdsultats  obtenus, 
nous  dderirons  bridvement  les  mdthodes  utilisdes 
et  pour  terminer  nous  tenterons  d 'apporter  quel- 
ques dldments  d' analyse  du  probldme  du  ddcollement 
3 I'aide  de  la  mdthode  intdgrale. 

4.1  - Mdthodes  de  rdsolution  des  dquations  locales. 

Modile  de  longueur  de  milange. 

Le  frottement  turbulent  est  exprimd  au  moyen 
d'une  formulation  classique  [ is]  : 

„>  -cnr'= 

oUllSeat  supposd  etre  une  fonction  universelle  de 
y/8  : 

(2)  A . 0.085  th  ^ f-  y - 0.41 

et  F une  fonction  correctrice  de  sous  couche  vis- 
queuse  ddduite  de  la  formula  de  Van  Driest  lt5j  : 

(3)  expf- < 

avec  Z s ^ ^ JTIP 

Notons  que  cette  formulation  est  rigoureuse- 
ment  celle  utilisde  en  dcoulement  stationnaire. 

hhdilea  i deux  Ajuationa  de  tranaport. 

Ces  demidres  anndes,  diffdrents  noddies  plus 
dlabords  que  celui  de  longueur  de  mdlange  ont  dtd 
ddveloppds  en  faisant  appel  3 des  dquations  de 


1 
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transport  pour  dScrira  le  ddveloppcaent  de  diffd- 
rentes  quantitSs  turbulentes. 

Dans  les  dtudes  pr£cedentes,  [s]  nous  avons 
utilisd  avec  succis,  un  module  & deux  Equations  de 
transport  qui  a dt£  dSveloppd  d 1' Imperial  College 

[9]  . 

II  conslste  en  un  systdme  dicrivant  1' Evolu- 
tion de  I'Energie  cinEtique  de  turbulence  k et  celle 
de  son  taux  de  dissipation  £ . Aux  nombres  de  Rey- 
nolds ElevEs  des  Ecoulements  turbulenta  Etablis, 
les  equations  s'Ecrivent  : 


Et  le  frottement  turbulent  a pour  expression  : 

(6)  .ZV  : — — 

Dans  ces  Equations » les  Constances  one  pour 
valeurs  : 

C^-0,09  1,45  2 1,1  Cj.  1,1 

Par  rapport  A un  Ecoulement  stationnaire, 
seuls  sont  ajoucEs  les  tenses  de  dEtivCe  partialle 
par  rapport  au  temps  intervenant  dans  les  termas  de 
convection.  II  est  important  de  souligner  que  la 
modElisation  mise  en  oeuvre  pour  le  stationnaire 
est  intEgralement  conservee. 


Ce  modEle  comme  nous  I'svons  dEjd  prEcisE 
est  Etabli  pour  lea  nombres  de  Reynolds  de  turbu- 
lence ElevEs.  Par  consEquent,  il  est  en  dEfaut 
prEs  de  la  paroi  oil  un  traitement  spEcial  est  n£- 
ceasaire.  Deux  solutions  ont  EtE  retenues.  La  pre- 
miEre  consiate  E remplacer,  prEs  de  la  paroi,  le 
aystEme  (4),  (5),  (6)  par  le  modEle  de  longueur  de 
mElangc  (1),  (2),  (3).  On  abandonne  ce  traitement 
E une  distance  y quand  la  fonction  F est  assez 
voisine  de  1 (F  • 0.99),  e'est  E dire  quand  le  nom- 
bre  de  Reynolds  de  turbulence  est  assez  ElevE.  On 
assure  un  raccordement  en  y^  en  imposant  la  conti- 

nuitE  des  valeurs  de  Cl  ^ S et  on  admet  que  : 

' » 

i » Wf)/  V 

£ ^ — 

VC 

La  seconds  solution  retenue  est  d'introduire 
des  modifications  adEquates  dans  le  aystEme  des 
Equations  de  transport  cohm  cela  a EtE  fait  par 
JONES-LAUDER  [ lo]  pour  aboutir  E une  version  "fai- 
ble  nombre  de  Reynola”  du  modEle. 


Quel  que  aoit  le  schEaa  de  turbulence  adoptE 
les  Equations  locales  de  couche  limits  ont  EtE 
rEsolues  maEriquemsnt  pee  E pae  au  moyen  d'une 
mEthode  de  diffErences  /inies  dEcrite  plus  large- 
ment  dsns  la  rEf Ercnce  1 1 1 1 . 


4.2  - MEthode  de  rEsolutiom  dee  Equations  alobalea. 

Dans  da  nombreuses  applications  pratiques, 
il  o'sst  pas  nEcessaire  de  fairs  appel  E des  mEtho- 
des  aussi  complexes  que  eellae  qui  viennent  d'itre 
dEcritaa.  Si  t'on  ne  s'intEreaea  qu'E  I'Evolutiom 
de  quantitfs  globales,  cohm  I'Epaisseur  ou  le 
coefficient  da  frottement  parietal,  une  mEthode 
intEgrals  pent  se  rEvElar  efficaca. 


Le  principe  d'une  telle  mEthode  repose  sur  la 
rEsolution  simultanEe  des  Equations  globales  de 
continuitE  et  de  quantitE  de  mouvement.  En  nEgli- 
geant  la  variation  de  la  masse  volumique,  elles 
s'Ecrivent  : 

(7)  h .2i.  - J.  1. 

>»  (is  ■ 

(8)  SI  . — i-COtS.,) 

t ’ Of.  iX.  u» 

Cinq  inconnues  apparaissent  dans  ce  systEme  : 

u.a  , c,  , 8,  ,e  , s 

La  rEsolution  de  ces  Equations  nEcessite  done  des 
relations  supplEmentaires  entre  les  inconnues.  En 
stationnaire  elles  peuvent  etre  obtenues  par  I'E- 
tablissement  de  solutions  de  similitude  lis]  qui 
ont  EtE  Etendues  au  cas  d'un  Ecoulement  instation- 
naire  [12]  . Ces  relations  soot  des  lois  reliant 
les  grandeurs  caractEristiques  de  la  couche  limite, 
exprimEes  par  les  formulas  suivantes  : 


/«- 

y _ J. 

Ue  d6 

ou  P et  D sont  des  fonctions  de  G,  parametre  de 

dSteminEes  par  I'analyse  des  solutions  de  simili- 
tude et  reprEsentEes  par  les  formules  suivantes  : 

F^  - 0,613  G - (3,6  + 76,86  (I/G  - 0,154)^)  / G 
P - 0,074  G - 1,0957  / G 
D*  - 2 G - 4,25  g'^^  + 2,12 


(9  ) 
(10) 


k 

% 

il 

e 


(11) 

!>X  U»~ 


(12)  ^ 


Le  systEme  des  Equations  globales  (7),  (8) 
complEtE  par  lea  rclationa  (9),  (10),  (11),  (12) 
a EtE  rEsolu  numEriquement  paa  E pas  E I'aide  d'une 
technique  de  diffErences  finiet. 

E.3  - Applicetion  aux  expEriences  prEsentEes. 

Les  diffErentes  mEthodes  qui  viennent  d'etre 
prEsentEes  ont  EtE  appliquEes  au  cas  des  expErien- 
ces dEcrites  plus  haut.  Pour  les  deux  configura- 
tions, des  rEsultats  comparables  ont  EtE  obtenus 
et  nous  nous  limiterona  E prEaenter  ceux  relatifa 
E la  deuxiEme  configuration. 

(hielle  que  soit  la  mEthode  utiliaEe,  la  dia- 
tribution  de  le  vitesee  extErieure  est  une  donnEe 
du  calcul  de  couche  limite.  Pour  cela,  nous  avons 
utilisE  I'analyse  harmonique  de  as  distribution 
prEsentEe  figure  2.  ()uand  le  schEma  de  turbulence 
est  un  modEle  d 'Equations  de  transport,  on  doit 
de  plus  imposer  le  niveau  de  turbulence  extErieure 
ke  et  de  son  taux  de  dissipation  £g  . En  fait  il 
eat  facile  de  voir  que  I'on  peut  calculer  ke  (x,t) 
et  Cg  (x,t)  E I'aide  des  Equations  (4)  et  (5)  Ecri- 
tea  E I'extEriaur  E condition  d'imposer  les  distri- 
butions ke  (o,t), ^ (o,t),  ke  (x,o),  ^ (x,o).  On 
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a pria  ^^/ui(o,t)  s ^ 10  ce  <iui  corres- 

pond senaiblcaent  aux  valeura  mesuries.  Lea  con- 
ditiona  sur£«(o,C)  et  ^ (x,o)  sont  plua  arbitrai- 
res  aais  leur  influence  sur  le  r£sulcat  du  calcul 
esc  en  faic  des  plua  riduites. 

On  a igalemenc  beaoin  de  fixer  lea  profile 
U(y),  k(y)  et  C (y)  dans  les  plans  x - o et  t - o ; 
les  profile  de  vitesses  sont  donn£s  par  I'expd- 
rience  et  les  profile  de  k et  £ one  6t6  ddduits 
de  ceux  de  U au  noyen  d'une  fonsule  de  longueur 
de  lailange, 

L'application  de  la  methode  intdgrale  est 
plus  siag>le  : elle  nfeessice  seulement  la  connais- 
sance  de  S^et  0 en  x • o et  en  t - o.  Ces  donnees 
sont  facileaent  diceciain£es  i parcir  des  profile 
de  vitesses  SMsurCs. 

Notons  enfin  que  pour  chaque  mithode,  les 
conditions  en  c • o sont  peu  inportances  car  au 
bout  d’un  temps  suf f isamienC  long,  une  solution 
pCriodique  ind£pendante  de  ces  conditions  est  ob- 
tenue . 


Sur  la  figure  11,  les  Evolutions  calculEes 

de  UA*)^et  0r  j u./ue  Cd  - u./ue)(/^ 

sont  comparEes  aux  valeurs  meaurEes.  Les  diffEren- 
tes  mEthodes  conduisenc  E des  rEsultats  cohErents, 
voisins  de  ceux  de  I'expErience  et  ceci  aux  diffE- 
rentes  abscisses  , rappelons  qu'E  la  premiSre  sta- 
tion les  donnEes  de  I'expErience  sont  retenues  com- 
me  donnEes  initiales  du  calcul. 

Par  souci  de  simplification,  on  pent  etre 
tentE  de  calculcr  le  dEveloppement  de  la  couche 
limitc  par  une  mEchode  quasi-stacionnaire.  II  s'a- 
git  de  rEsoudre  les  Equations  stationnaires  pour 
diffErents  instants  dans  la  pEriode  en  imposant 
COMM  distribution  de  la  vitesse  extErieure  celle 
qui  exists  affactlvement  E 1' instant  donnE.  Un  cel 
calcul  a EcE  effcctuE  E I'aide  de  la  mEthode  intE- 
grale.  La  sculc  diffErcnce  avec  le  calcul  instation- 
naire  est  le  terme  A-  j^(us^')  de  I'Equation 
<4s*  db 

globale  de  quantitE  de  mouvemenc  (8).  La  comparai- 
son  des  rEsultats  de  cette  mEthode  aux  donnEcs  ex- 
pEriaentales  (Fig.  II)  montre  que  des  Ecarts  ia^or- 
tants  apparaissent  dans  une  grande  partie  de  la 
pEriode. 

La  rEsolution  de^  Equationa  locales  permet 
de  connatcre  I'Evolution  des  profils  de  vitesses, 
de  frottement  turbulent  ou  d'Energie  cinEtique  de 
turbulence.  La  comparaison  des  profils  de  vitesses 
(Pig.  12)  indique  que  toutes  les  mEthodes  utili- 
sEes  reproduisent  bien  leur  dEformation  au  cours 
de  la  pEriode.  Les  rEsultats  donnant  I'Evolution 
des  profils  de  frottement  (Fig.  13)  sont  plus  dis- 
persEs  ; cependanC  la  forme  de  ces  profils  et  le 
niveau  des  valeurs  sont  correccement  calculEs. 


Station  4 


0 

T 0 

\ 

station  3 i 

1.7 

\ 

1.3  « 

OS 

—Ties: 

_^05. 

Stotion  3 


Station  1 


Integral  method 

_ . I l(-C(«mbdng  length) 

1 Mixing  length 

k-cdow  Reynolds 

number) 

COMPAKAISON  CALCULS  - EXPERIENCES-  EFAISSEURS 
INTEGRALES  (configuration  2) . 

® I 


Station  4 


e • Experiment 

k_e(*mixing  length) 

k _ e (low  Reynolds  number) 

Mixirig  length 


,4  ® 


PIC.  12  ! CALCUL  DE  LA  COUCHE  LIMIT!.  PROPILS  (configuration  2). 
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FIG.  13  : CALCUL  DE  LA  COUCHE  LIMITE.  PROFILS  -UV’/Ug  (configuration  2) 


station  4 


. . (u7*)  (U. 

. . l(ir^7'*)/14)’'*/U, 


H . c (» mixing  length) 
k _ c (low  Reynolds  number) 


FIG.  I»  : CALCUL  DE  LA  COUCHE  LIMITE.  PROFILS  iST  / U*  (configuration  2). 


Quand  on  utilise  le  achdaia  de  longueur  de 
ndlange,  I'Cnergie  cindtique  de  turbulence  n'eat 
pat  expliciteaent  calculCe  ; nous  n'avont  done 
coaparC  que  let  ritultatt  obtenut  par  le  aodSle 
d'iquationt  de  transport  (Fig.  14).  Dans  I'expd- 

— 2 

riencc  , teules  let  coapotantes  u'  et  v'  ont  StC 
aeturCes.  Deux  hypotheses  ont  6tt  utilisSet  pour 
calculer  I'tneriie  totale  : dans  le  preaier  cat  on 
adact  • k ; dans  le  second  w'2  » 03  k et 

I'dnergie  cst  calculie  par  k • (u’2  e v'*)  / 1,4. 
Las  rdsultats  obtenut  sont  voitins  et  le  aoddle 


d 'equations  de  transport  reproduit  bien  leur  evo- 
lution. 


Probieae  du  decolleaent 
theoriques. 


Analyse  de  cat 


La  prevision  du  point  de  decolleaent  1 I'aide 
des  equations  de  couche  liaite  a tutcite  de  noa- 
breuses  etudes,  aait  il  apparatt  que  ce  probliae 
n'est  pas  encore  totaleaant  edairci  surtout  en 
ecoulaaent  inttationnaire  [1-2-J-16-17-22- J.  Let 
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questions  qui  se  posent  sont  par  exemple  la  defi- 
nition de  singularites  et  la  determination  des 
conditions  de  leur  apparition  dans  le  calcul  d'une 
couche  limite  e vitesse  exterieure  imposee. 

Pour  tenter  de  r^pondre  d ces  questionsi  nous  avons 
choisi  de  les  analyser  dans  le  cadre  de  I'utilisa- 
tion  d'une  methode  integrals  ; le  problems  se  trou^ 
ve  alors  grandement  simplifie  et  I'on  espSre  que 
les  conclusions  auxquelles  on  aboutit  sont  suffisam- 
ment  generales. 

Reprenons  tout  d'abord  avec  LE  BALLEUR-MIRAN- 
DE  [17]  1 'etude  du  cas  stationnaire  pour  lequel 
les  equations  globales  de  la  couche  limite  s'^cri- 
vent  ; 


S-  dUt 

Uc  -Tsc 

^ dUt 

^ 4U 


Une  relation  importante  pour  1 'etude  de  ce 
systems  est  cells  qui  relie  et  6 • Pour 

simplifier  on  admet  que  le  paraaetre  est 

une  function  seulement  du  facteur  de  forme 
les  resultats  des  solutions  de  similitude  [is]  et 
I'experience  [l?]  montrent  qu'une  telle  dependence 
est  une  premiere  approximation  tout  A fait  raison- 
nable.  Une  representation  deduite  des  solutions  de 
similitude,  valable  particulierement  au  voisinage 
du  point  -o,  est  : 


I a-sj 

dS 

dx. 


r n - 


9 


(13)  H 

H-1 


avec 


oC  - 0,631 


Les  Equations  globales  de  continuite  et  de 
quantite  de  mouvement  s'6crivent  alors  : 


(14) 


H*  d® 

dx. 


0 ; py_  ^ 


(15)  ^ 


oil  H represente  la  deriv6e  — — 


i ^ </* 
dH* 
dH 

II  apparatt  done  une  lingularitg  si  H*  - 0. 
La  relation  (13)  indique  que  cette  condition  se 
produit  pour  une  valeur  H * He  de  I'ordre  de  2,6. 
Cette  valeur  est  en  f/iit  tres  voisine  de  cells  pour 
laquelle  le  coefficient  de  frottement  est  nul  d'a"- 
pr^s  les  solutions  de  similitude  (H  » 2,3!^ 

On  peut  aussi  voir  qu'une  singularite  exists  pour 
H - 1. 


Pla9ons  nous  maintenant  dans  le  cas  instan- 
tionnaire.  En  admettant  encore  I'existence  d'une 
relation  unique  (H) , les  Equations  globales 
s'^crivent  : 

(16)  4 •(♦H*  /h*_hH*')^  H-Hlfje.  a 

Ua  it  ix.  Ut  it' 


^ - B 

it  dx. 

a , ft  . dUt 

<-%  dx. 

O e >Cle 

« 'Jf  ix  ul  ik 


On  obtient  un  systiae  de  deux  equations  aux  | 

derivdes  partiellea  du  premier  ordre  pour  'Si,,  et6 
dont  la  nature  est  etudide  & I’aide  de  I'equation 
caracteristique.  En  posant  da^dteette  equation 

s'dcrit  : 

08)  HH*’)  H’fUH))  . H*'-  0 

En  supposant  que  la  relation  (13)  est  vala- 
ble on  etablit  les  conclusions  suivantps  pour  le 
domaine  H > I : 

- il  existe  toujours  deux  directions  caracteristi- 
ques  ^ et  reelles  distinctes  : le  systeme 
est  hyperbolique 

- I'une  des  directions  caraetdristiques  7^  est 

toujours  telle  que  O < d 

- la  deuxidme  direction  caraetdristique  est 

positive  pour  H ^ He  (He  V 2.6)  ; elle  est  nd- 
gative  pour  H > He. 

II  en  rdsulte  done  qu'en  gdndral  le  point 
H - He  n'est  pas  singulier.  Or  on  peut  supposer 
que  ce  point  est  trds  lid  au  point  • 0 et  il 

s'ensuit  que  la  condition  de  ddcollement  n'est  pas 
rattachde,  en  instationnaire,  i celle  d'dcoulement 
de  re tour. 

Dans  certains  cas,  on  peut  s'attendre  i obte- 
nir  des  phdnomdnes  d' accumulation  des  lignes  carac- 
tdristiques  d’une  meme  famille  et  on  peut  prdvoir 
aussi  la  formation  de  chocs  analogues  d ceux  qu'on 
peut  rencontrer  dans  1' etude  des  dcoulements  de 
fluide  parfait  nonodiraensionnels  instationnaires. 

Remarquons  d'ailleurs  que  les  dquations  de  couche 
limite  peuvent  etre  mises  sous  forme  conservative  : 


(J9) 


(20) 


ix.  St 

±0,^6  4.  luei  =(^*.5.S,Ue|ifL 
dt  t ox. 


Signalons  encore  que  SHEN-NENNI  [is]  aboutis- 
sent  d des  conclusions  voisines  en  dtudiant  une  so- 
lution asymptotique  de  la  couche  limite  incompressi- 
ble instationnaire. 

Mises  sous  la  forme  (19),  (20)  les  dquations 
de  la  couche  limite  ont  dtd  intdgrdes  numdriquement 
d I'aide  d'une  mdthode  de  diffdrences  finies.  En 
fait  deux  schdmas  de  diffdrences  ont  dtd  utilisds, 
Dans  celui  que  nous  appellerons  schdsia  1 , les  ddri- 
vees  par  rapport  au  temps  sont  exprimdes  d I'aide 
d'une  diffdrence  avanede  alors  que  les  ddrivdes 
d'espace  sont  approchdes  de  fa^cn  diffdrente  sui- 
vant  le  signe  de^^:  on  utilise  une  diffdrence  re- 
tardde  si  est  positif  et  une  diffdrence  centrde 

si  est  ndgatif.  Le  schdma  2 est  un  schdma  de 
type  Mac  Cormack  qui  est  connu  pour  donner  de  bons 
rdsultats  dans  le  calcul  de  fluide  parfait  meme 
avec  onde  . de  choc  121  ] . 


Le  premier  exemple  d'application  de  cette  md- 
thode est  un  cas  thdorique  proposd  par  SINGLETON  et 
al  [19]  qui  ont  eux-memes  calculd  ce  cat  d I'aide 
d'une  mdthode  de  rdsolution  deq,  dquations  locales, 
dans  laquelle  le  schdma  de  turbulence  est  un  modile 
d une  dquation  de  transport  pour  la  tension  turbu- 
lente.  Pour  cet  exemple  les  conditions  de  vitesse 
extdrieure  sont  rdsumdes  figure  IS.  Des  conditions 

initiales  simples  sont  imposdes  en  x • 0 • t 

h,  - 0,0044  m H - 1,4.  Au  teoqts  t - 0,  des  con- 
ditions de  couche  limite  de  plaque  plane  sont  utili- 
tdet. 


t 
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PIG.  15  : ANALYSE  D'UN  CAS  THEORIQUE  [R£f£rence  19] 
GRANDEURS  GLOBALES 
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A I’Cchelle  de  la  figure  15  oG  sont  reporcia 
lee  rSsultatt,  lee  schiaaf  I et  2 donnent  dea  rCaul- 
tata  identiquea  ; en  fait  ce  caleui  ne  priaente 
paa  de  difficultf  et  lea  deux  directiona  caractA- 
riatiquea  aont  partout  poaitivea  aauf  daoa  une  r£- 
gion  tria  rfiduite.  Figure  15,  on  a port£  lea  rtaul- 
tats  obtenua  par  SINGLETON  et  al.  [is]  et  ceux  pro- 
venant  d'un  calcul  quaai-atationnaire  par  la  mCtho- 
de  intAgrale.  Lea  deux  calcula  inatationnairea  con- 
duiaent  A dea  rAaultata  voaina  alora  que  la  nAthode 
quaai-atationnaire  indique  en  certaina  pointa  de  la 
pAriode  le  dAcollenent  de  la  couche  linite  pour  dea 
valeura  de  x infArieurea  A 1 (c'eat  pour  cette 
raiaon  que  lea  rAaultata  ne  figurent  paa  dana  cette 
xone).  Cea  rAaultata  aont  coaplAtAa  par  le  tracA 
dea  caractAriatiquea  (Fig.  16).  Rappelant  qu'une 
tangente  verticale  A une  ligne  caractAriatique  cor- 
respond A H - He  on  conatate  que  aeme  au  voiainage 
de  tela  pointa  aucun  phAnonAne  particulier  n'appa- 
ra£t. 

Dans  une  deuxiAoe  exemple  proposA  par  NASH- 
PATEL  [20]  la  distribution  de  vitesse  extArieure 
est  schAnatisAe  figure  17.  En  x ■ 0 on  a iaposA 
S ■ 0.00444  01  H*l,4;en  t>0  des  condi- 
tions de  couche  liaiite  de  plaque  plane  sont  utili- 
sAes. 

Signalons  dAs  A prAsent  que  dans  cette  con- 
figuration, une  zone  avec  Acouleaient  de  retour 
existe  et  I'on  a du  pour  la  calculer  faire  un  cer- 
tain nombre  d'hypothAses  parfois  groaaiAres  : nous 
avons  supposA  que  la  relation  (13)  (H)  eat 

valable,  que  Cf  - 0 et  que  PE"  - 0,042  (coeffi- 
cient d'entrainement  constant  Agal  A sa  valeur  au 
point  Cf  - 0).  II  est  bien  Avident  que  dans  les 
rAgions  sans  Acoulement  de  retour,  nous  avons  con- 
servA  le  systAne  de  relations  (9),  (10),  (II),  (12). 


«.!  ta  2.3  AU 


FIG.  16  : ANALYSE  D'UN  CAS  THEORIQUE  [RAfArence  19]  . 
TRACE  DES  LIGNES  CARACTERISTIQUBS. 
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FIG.  17  : AHALYSE  D’UN  CAS  THEORIQUE  [Reference  2o] 
DISTRIBUTION  DE  LA  VITESSE  EXTERIEURE. 


que  lea  r£sullats  obtenus  avec  le  schema  de  Mac 
Coraack  sont  plus  corrects  car  ce  schema  est  blen 
adaptd  au  calcul  des  chocs  avec  les  Equations  de 
la  dynamique  des  gaz.  La  similitude  des  rSsultats 
calculus  par  le  schdma  1 et  ceuz  obtenus  par  NASH- 
PATEL  est  nSanDoins  assez  troublante.  Notons  ce- 
pendant  qu'on  peut  dtablir  une  analogic  entre  le 
schdma  I et  le  schdma  utilisd  par  NASH-PATEL,  bien 
que  ces  auteurs  resolvent  les  Equations  locales  de 
la  couche  limite.  En  effet  dans  le  sch£ma  de  NASH- 
PATEL  les  dirivSes  sulvant  x sont  approchSes  par 
des  differences  retarddes  quand  u est  positif 
et  par  des  differences  avancdes  quand  u eat  nega- 
tif. 

Pour  etablir  la  validite  du  schema  I ou  2, 
il  semble  necessaire  d'effectuer  un  calcul  A I’aide 
de  la  methode  des  caracteristiques.  Notons  encore 
que  les  hypotheses  utilisees  en  particulier  pour 
le  traitement  de  la  zone  avec  ecoulement  de  retour 
sont  discutables  et  peuvent  influencer  les  rdsul- 
tats  relutifs  A la  position  du  choc. 


Figure  18,  on  donne  le  trace  des  caracteristi- 
ques obtenues  par  le  schema  1 et  figure  19  le  trace 
relatif  au  schema  2.  On  a egalement  reporte  3ur  la 
figure  18  quelques  resultata  calcuies  p»  NASH-PATEL 
qui  donnent  [lo]  le  lieu  des  points  ^ 0 et 

le  lieu  d'une  singularite  que  ces  auteurs  definis- 
sent  coimne  etant  caracterisee  par  d'importants  gra- 
dients longitudinaux  et  une  deflection  trie  forte 
des  lignes  de  courant,  les  equations  de  couche  li- 
mite cessant  alors  d'etre  valables. 

Jusqu'au  temps  t - 0.035  les  schemas  I et  2 
donnent  des  rdsultats  trAs  voisins.  Pour  les  va- 
leurs  superieures  de  t , les  deux  schemas  indi- 
quent  une  focalisation  des  lignes  caracteristiques 
qui  donne  naissance  A un  choc.  Cependant,  on  obser- 
ve que  les  positions  du  choc  prAvues  par  les  deux 
schemas  sont  trAs  diffArentes.  On  pourrait  penser 


DAs  A present,  une  conclusion  peut  cependant 
etre  apportAe.  En  Acoulement  instationnaire  les 
points  Cf  ~ 0 ne  jouentpas  un  role  particulier. 

II  apparait  aussi  que  la  formation  de  singularitAs 
telles  que  celles  dAcelAes  par  NASH-PATEL  se  trouve 
ici  trAs  clairement  dAfinie  par  la  formation  d’un 
choc. 

Pour  terminer,  remarquons  qu'un  Atat  station- 
naire  peut  etre  regarde  comma  Atant  la  limite  d'un 
e^at  instationnaire.  Dans  cette  optique,  LE  BALLEUR 
IZZi  a AtudiA  le  problAme  du  couplage  fluide  par- 
fait-couche  liniite  avec  dAcollement  en  utilisant 
une  mAthode  d' analyse  analogue  A celle  que  nous 
venons  de  presenter,  et  il  a pu  ainsi  complAter 
le  point  de  vue  des  approches  classiques  de  ces 
questions. 
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FIG.  19  : ANALYSE  D’UN  CAS  THEORIQUE  [Reference  2o]  . 

TRACE  DES  LIGNES  CARACTERISTIQUES  (schema  de  Mac  Cormack) . 


CONCLUSIONS 

L'dtude  expfrimentale  d'une  couche  limiCe  tur- 
bulente  se  dSveloppant  en  presence  d'un  Scoulement 
extSrieur  oscillant  a montrS  que  le  comportement 
gCniral  de  la  couche  limite  et  que  la  structure  de 
la  turbulence  ne  soot  pas  fondamentalement  affect€s 
par  I'instationnaritS  de  1 'Scoulement.  Cependant, 
il  doit  etre  not£  que  dans  nos  experiences,  la 
frequence  imposee  est  faible  devant  celles  qui 
caracterisent  la  turbulence.  Des  valeurs  plus  gran- 
des  du  noobre  de  Strouhal  ou  la  presence  d'un  gra~ 
dient  de  vitesse  moyenne  peuvent  eventuellement 
jouer  un  role  important. 

L'application  d'un  modSle  de  longueur  de  me- 
lange et  d'un  modeie  d'equations  de  transport  a 
montre  que  ces  schemas  de  turbulence  gardent  leur 
validite  en  ecoulement  instationnaire,  tout  au 
moins  dans  des  conditions  similaires  A celles  de 
nos  experiences.  Pour  les  applications  pratiques, 
il  apparatt  aussi  qu'une  methode  simple  telle  que 
la  methode  integrals  prAsentee  peut  se  reveler 
tris  efficace.  Cependant,  il  est  clair  que  des 
experiences  systematiques  avec  des  conditions  plus 
sevires  soht  necessaires  pour  permettre  de  tester 
plus  largement  les  methodes  de  calcul. 

A I'aide  d’une  methode  integrals  on  a presen- 
te  une  methode  d 'analyse  rigoureuse  des  singulari- 
tes  pouvant  intervenir  dans  le  calcul  de  la  couche 
limite.  La  comparaison  des  resultats  obtenus  avec 
caux  d'autres  methodes  indique  des  recoupements 
trAs  interessants. 
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UNSTEADY  BOUNDARY  UYERS  WITH  REVERSAL  AND  SEPARATION 


John  r.  Nash  and  Roy  H.  Scruggs 
Sybucon  Inc.,  Atlanta,  Georgia  30339 
USA 


A review  is  made  of  a theoretical  study  of  the  mechanics  of  unsteady  boundary-layer  reversal  and  separ- 
ation. The  study  has  involved  computational  experimentation  based,  largely,  on  first-order  boundary- 
layer  theory,  which  is  valid  at  the  point  of  flow  reversal  and  over  some  domain,  beyond  it,  whose  extent 
varies  with  the  degree  of  unsteadiness  implicit  in  the  flow. 

The  paper  describes  the  development  of  an  appropriate  computation  scheme,  for  both  laminar  and  turbulent 
flows,  exploiting  the  validity  of  the  first-order  theory,  and  then  proceeds  with  a survey  of  some  of  the 
numerical  experiments  which  have  been  conducted  to  date.  The  topics  addressed  include  the  effect  of 
time-dependence  on  flow  reversal,  the  nature  of  unsteady  reversal  and  separation,  and  the  relevance  of 
the  results  to  engineering  problems  - notably  the  dynamic-stall  problem.  In  conclusion,  some  brief 
comaents  are  made  about  the  direction  which  this  research  is  expected  to  take  over  the  next  few  years. 


P,  Q,  R 


• , Ag  Matrix  coefficients 

Empirical  diffusion  function 

Chord  of  the  plate 

Total  derivative 

Vector  dependent  variable 

Arbitrary  function  of  time 

Dissipation  length 

? Matrices  in  the  numerical 

f ormulat ion 

Static  pressure 

Resultant  fluctuating  velocity 


Subscripts 


U,  V,  H 


Ensemble  average  velocity 
components 


Fluctuating  velocity  components 
about  U,  V,  H 

Cartesian  coordinates 

Boundary-layer  thickness 

Kinematic  viscosity 

Density 


Reference  value 

Value  at  the  outer  edge  of 
the  boundary  layer 

Value  at  the  time  of  freezing 
of  the  external  flow 

Stations  on  the  plate 


I.  INTRODUCTION 

Unsteady  boundary-layer  separation  is  a limiting  factor  in  the  performance  of  many  aerodynamic  systems: 
helicopter  rotors,  turbine  blades,  lifting-surfaces  of  high-maneuverability  vehicles,  and  so  forth  [I]. 
The  successful  design  of  such  systems  is  far  from  straightforward  because  of  the  complexity  of  the  asso- 
ciated fluid  mechanics,  and  because  experimental  data  are  scarce  and  costly  to  obtain.  In  the  absence 
of  comprehensive  measurements,  knowledge  of  unsteady  separating  flows  is  being  acquired  largely  through 
the  intelligent  use  of  numerical  experimentation.  Again  because  of  the  lack  of  comprehensive  measure- 
ments, the  numerical  experiments  are  being  performed  using  models  whose  validity  can  only  be  inferred  by 
extrapolation  of  results  from  other  flow  regimes:  primarily  steady  flows.  The  need  for  this  extrapola- 
tion places  Increased  emphasis  on  the  need  for  fundamental  correctness  in  the  models  themselves,  and 
appropriate  sophistication  of  the  calculations  is  called  for,  subject  to  the  obvious  economic  constraints. 

Extensive  calculations  have  been  carried  out,  over  the  last  several  years,  to  investigate  the  properties 
of  time-dependent  boundary  layers  [2-7].  Much  of  this  work  has  been  addressed  to  the  problems  of  flow 
reversal  and  separation.  An  important  feature  of  unsteady  flows  is  the  distinction  between  reversal, 
which  is  a surface-flow  event,  and  separation,  which  (in  the  sense  of  detachment  of  the  external  stream 
from  the  body)  is  an  event  - or  perhaps  a sequence  of  events  - occur ing  further  away  from  the  surface. 

In  unsteady  flows  the  boundary  layer  can,  at  least  temporarily,  remain  thin  despite  the  presence  of 
reversed  flow  close  to  the  surface.  In  this  thin-boundary-layer  regime  the  conventional  first-order 
boundary- layer  approximations  remain  valid,  permitting  the  study  of  reversed  flows  using  nothing  more 
than  the  simple  first-order  theory.  The  development  of  calculation  methods  which  exploit  this  fortunate 


This  work  was  supported  under  contracts  from  the  U.S.  Army  Air  Mobility  Research  and  Development  Labora- 
tory  (Ames  Directorate)  and  NASA  Langley  Research  Center,  and  currently,  is  supported  by  the  Army 
Research  Office  under  Contract  DAAG29-76-C-0045. 
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situation  is  discussed  in  Section  II. 

With  regard  to  the  ability  to  calculate  unsteady  flows,  it  is  recognized  that,  for  the  laminar  case 
at  least,  the  Navier-Stokes  equations  offer  the  ultimate  tool  applicable  to  almost  any  unsteady  flow 
of  engineering  interest.  On  the  other  hand,  the  solution  of  these  equations  may  be  prohibitively  expen- 
sive, particularly  if  it  is  attempted  over  a whole  flow  field,  or  may  not  yet  be  possible  for  other 
reasons.  As  a practical  matter,  therefore,  less  generally  applicable  tools  often  have  to  be  deployed. 
The  use  of  first-order  boundary- layer  theory  can  be  justified  by  just  such  an  argument.  For  the  turbu- 
lent case,  there  is  no  generally  valid  tool  and  all  useful  calculations  have  to  be  done  by  means  of 
methodologies  having  certain  limitations.  Boundary-layer  theory,  together  with  a reliable  turbulence 
model,  may  well  be  superior  to  higher-order  methods  for  which  the  associated  turbulence  modeling  is  at 
a more  primitive  stage  of  development. 

Later  sections  of  this  paper  present  an  overview  of  some  of  the  numerical  experiments  which  have  been 
conducted  as  part  of  this  ongoing  research  program.  An  attempt  has  been  made  to  extract  results  which 
can  be  expected  to  have  a measure  of  generality  beyond  the  particular  circumstances  of  the  original  cal- 
culations. Section  III  deals  with  the  effect  of  time-dependence  on  the  onset  of  reversed  flow.  Section 
IV  discusses  the  fundamental  properties  of  unsteady  reversal  and  separation.  Section  V deals  with  the 
relevance  of  these  results  to  problems  in  engineering.  Section  VI  describes  extensions  to  the  various 
methodologies  which  are  currently  being  implemented,  and  further  research  which  will  be  carried  out 
when  the  more  general  tools  become  available.  Finally,  Section  VII  lists  some  conclusions  which  have 
been  drawn  from  the  research  conducted  to  date. 


II.  CALCULATION  OF  UNSTEADY  FLOWS  WITH  REVERSAL 


Since  the  first-order  boundary -layer  approximations  evidently  remain  valid,  over  some  range  of  conditions 
beyond  the  onset  of  flow  reversal,  the  generation  of  reversed-flow  solutions  depends  only  on  the  develop- 
ment of  a suitable  numerical  scheme  and  the  provision  of  relevant  boundary  conditions.  Details  are 
given  here  of  the  method  currently  being  used  for  incompressible  laminar  and  turbulent  flows;  a method 
for  compressible  flows  is  also  available. 


For  incompressible  time-dependent,  boundary-layer  flow  over  an  infinite  yawed  cylinder  whose  generators 
are  parallel  to  the  z-axis,  the  ensemble-average  equations  of  motion  can  be  written 
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where  the  convective  derivative  is  defined  by 
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and  the  continuity  equation  is 
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As  a consequence  of  the  first-order  approximations  the  pressure  is  taken  to  be  constant  through  the 
boundary  layer.  The  terms  W,  Vff  represent  the  ensemble-average  Reynolds  stress  terms.  In  our  work 
closure  has  been  obtained  via  the  empirically  modified  turbulent  kinetic-energy  equation 
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where  q*  is  the  ensemble-average  square  of  the  velocity  fluctuations: 


(6) 


and  aj  and  L (the  diffusion  function  and  dissipation  length)  are  the  usual  empirical  functions  of 
distance  through  the  boundary  layer  [8].  In  our  earlier  work  [9],  following  Bradshaw  et  al  [10],  the 
shear  stress  components  were  taken  to  be  proportional  to  more  recently  we  have  used  the  isotropic- 
eddy-viscosity  formulation* 
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*It  will  be  noted  that  this  eddy  viscosity  is  not  prescribed  but  varies  from  point  to  point  as  the 
square-root  of  the  turbulent  intensity.  More  general  calculations  have  been  done  in  which  uv  and  vw 
have  been  modeled  as  nonlinear  functions  of  the  dimensionless  rate  of  mean  strain. 
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in  which  k is  an  empirical  constant  (equal  to  about  0.023).  The  two' formulations  give  closely  similar 
results  in  most  cases.  For  laminar  flow,  of  course,  uv  = vw  = 0. 

The  principle  governing  equations  (Equations  (1),  (2),  (5))  can  conveniently  be  written  in  matrix- 
vector  form  as 


AjF  t Aj  If-  ♦ g-  t A;  0 t As  = 0 (9) 

where  F(x,y,t)  is  the  vector  of  local  dependent  variables: 

f'^  = (U.W,^]  (10) 

and  the  A*s  are  matrix  coefficients.  This  equation  is  parabolic,  and  can  be  integrated,  over  some 
domain,  by  means  of  a forward-marching  procedure  advancing  in  the  positive  t-direction  (Figure  1).  In 
our  work  the  thickness  of  the  domain  is  allowed  to  vary,  in  both  space  and  time,  proportion  to  the  local 
boundary-layer  thickness.  Appropriate  finite  differencing  converts  Equation  (9)  into  a relationship 
between  values  of  F(x,y)  at  the  forward  time  level  and  values  at  previous  time  levels.  Our  earlier  work 
(which  was  restricted  to  turbulent  flows)  involved  an  explicit  method  of  solution,  with  wall-law  match- 
ing. Now,  an  alternating-direction  implicit  method  is  being  used,  which  can  handle  both  laminar  and 
turbulent  flows  and  in  which  wall-law  matching  is  no  longer  needed:  the  numerical  integration  extends 
all  the  way  to  the  body  surface. 

At  each  time  level,  the  x-y  plane  is  scanned,  first  in  the  horizontal  direction,  and  then  in  the  verti- 
cal direction  (Figure  2).  A tridiagonal  matrix  formulation  is  applied  recursively  producing  partial 
solutions  which  extend  over  the  whole  domain  as  the  scan  is  completed.  To  illustrate,  when  the  scanning 
procedure  advances  in  the  x-direction,  the  formulation  is 

PQ  = R (11) 

where  P is  a tridiagonal  matrix  (each  of  whose  elements  is  a square  submatrix),  Q is  the  vector  of 
unknowns  containing  values  of  F for  each  node  point  in  the  y-direction  and  R is  a column  matrix  of  the 
same  dimension  as  Q.  When  the  scanning  procedure  advances  in  the  y-direction  a similar  formulation 
emerges,  except  that  Q then  contains  values  of  F at  each  node  point  in  the  z-direction.  Equation  (11) 
is  nonlinear  because  P and  R are  functions  of  F,  but  it  can  be  solved  via  a quasi-linearization  technique 
with  or  without  iteration  to  update  these  matrices.  Iteration  at  each  time  step  permits  larger  time 
steps  to  be  taken  for  the  same  accuracy  level,  and  so  there  is  a trade-off  between  the  number  of  itera- 
tions and  the  number  of  time  steps.  The  optimization  of  this  trade-off  is  still  under  investigation; 
currently  an  iterative  scheme  is  being  used,  but  for  some  applications,  a non-iterative  one  may  be 
optimal. 

An  important  element  of  a successful  method  for  calculating  flows  with  reversal  is  the  provision  for 
switching  from  a backward  difference  to  a forward  difference  for  3F/3x  as  the  local  U-component  of  velo- 
city changes  sign.  Switching  is  advisable,  for  first-  or  second-order  accurate  difference  approximations, 
to  avoid  convective  instability  (information  is  always  convected  "downstream"  relative  to  the  local 
direction  of  the  flow).  In  our  own  work  switching  from  a backward  to  a forward  difference  is  also 
employed  to  the  approximation  of  3F/3y,  according  to  the  sign  of  V;  this  procedure  effectively  removes 
any  cell-Reynolds -number  limitation  on  the  magnitude  of  V and/or  the  fineness  of  the  mesh.  Second-order 
difference  approximations  are  used  throughout. 

The  existence  of  the  reversed-flow  region  will  necessitate  the  provision  of  downstream  boundary  condi- 
tions if  the  region  extends  to  the  edge  of  the  domain  of  integration.  Unfortunately  some  research  work- 
ers still  attempt  to  perform  calculations  without  specifying  the  downstream  conditions;  even  if  solutions 
can  be  obtained  in  this  way  they  are  non-unique.  The  provision  of  the  downstream  conditions  would  pre- 
sent appreciable  difficulties  in  a practical  case.  In  order  to  avoid  such  difficulties,  all  of  the 
computations  we  have  carried  out  have  related  to  situations  involving  closed  reversed-flow  regions,  i.e. 
in  which  forward  flow  is  re-established  across  the  whole  of  the  boundary  layer  by  the  time  the  flow 
reaches  the  downstream  end  of  the  domain  (see  Figure  1).  In  these  situations,  only  initial  (i.e.  at 
some  initial  time)  and  upstream  boundary  conditions  have  to  be  furnished,  together  with  the  usual  condi- 
tions at  the  wall  and  in  the  external  stream. 


Most  of  our  calculations  have  involved  prescribed  external  U-component  velocity  distributions  of  the  form: 


Ug  = U^. , for  t ^ 0 and  all  x 
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where  U.  is  some  reference  velocity,  x,  and  Xj  are  prescribed  values  of  x:  Xj  = 5c/7  (=  0.714c),  2Xj, 
and  f(t)  is  some  function  of  time.  Suitable  choice  of  the  function,  f,  permits  the  imposition  of  a 
variety  of  external  velocity  distributions.  The  calculations  discussed,  herein,  are  all  two-dimensional, 
and  are  based  on  the  form 

- (1  - f^)  t/  tj,  for  0 i t ^ t^ 
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and 

f = fj,  for  t > tj;  (16) 

These  flows,  which  are  illustrated  in  Figure  3,  are  termed  "frozen  flows"  [11]  because  the  external 
velocity  distributions  become  independent  of  time  for  t > t,.*  Oscillatory  flows  can  be  produced  by 
taking  f to  be  harmonic  functions  of  time  [11] • ^ 


III.  EFFECT  OF  TIME-DEPENDENCE  ON  REVERSAL  AND  SEPARATION  ONSET 

It  has  been  mentioned  that  time -dependence  has  an  impact  on  the  significance  of  flow  reversal.  Time- 
dependence  also  has  a pronounced  effect  on  the  point  of  onset  of  reversal,  relative  to  the  development 
of  the  external  velocity  field  [5]. 


Sometimes  a time-dependent  flow  will  exhibit  reversal  whereas  no  sucli  reversal  would  occur  in  a "corres- 
ponding" steady  flow.  An  example  is  oscillatory  flow  over  a two-dimensional  flat  plate.  If  the  ampli- 
tude, or  the  frequency  is  high  enough,  reversal  can  be  provoked  during  part  of  each  cycle  [5,  11]. 

(The  steady-flow  equivalent  would  be  a sequence  of  constant -velocity  flows  each  having  an  external 
velocity  equal  to  the  Instantaneous  external  velocity  at  a different  point  in  the  cycle  of  the  oscilla- 
tory flow.  None  of  them  would  experience  reversed  flow. ) In  this  example  the  time-dependence  could  be 
said  to  be  responsible  for  the  reversal.  It  makes  its  effect  felt  via  the  pressure  gradient  associated 
with  the  term  3Uj/8t  in  the  momentum  equation;  the  pressure  gradient  is  adverse  during  the  part  of  the 
cycle  when  9U^/8t  is  negative. 

More  generally,  for  any  two-dimensional  flow,  3U^/3t  makes  a contribution  to  the  preSw  re  gradient: 


i lE-  llile  ^ 
p 3x  ' ^e  3x  * 3t 


(17) 


If  3U  /3t  is  negative  any  adverse  pressure  gradient  due  to  the  spatial  variation  of  is  augmented;  if 
3Ug/3t  were  positive  then  the  adverse  pressure  gradient  would  be  alleviated.  In  cases  where  the  effects 
of  time -dependence  are  to  alleviate  the  adverse  pressure  gradient  one  would  therefore  expect  reversal 
onset  to  be  delayed  by  the  effects  of  time-dependence.  In  other  words,  one  would  expect  the  net  spatial 
decrease  of  from  some  upstream  reference  point  to  the  point  of  incipient  flow  reversal,  to  be  larger 
in  a time-dependent  flow  than  in  an  equivalent  steady  flow.  Such  is,  in  fact,  the  case,  and  the  effect 
is  substantial  [5].  It  has  been  shown  that  this  effect  partly  explains  the  ability  of  a pitching  air- 
foil to  reach  higher  values  of  before  stall  than  could  be  sustained  by  the  same  airfoil  at  a 

fixed  angle  of  incidence  [12]  (See  Section  V,  below). 


What  was  unexpected  was  the  observation,  from  computational  experiments  [5],  that  unsteadiness  could 
sometimes  delay  the  onset  of  reversal  even  though  the  local  pressure  gradients  were  strongly  augmented 
by  the  3Ug/3t  term.  This  observation  indicated  that  the  impact  of  time-dependence  on  reversal  could  not 
be  explained  entirely  via  the  effects  on  the  pressure  gradient;  some  other  mechanism  must  evidently  be 
present  too.  In  Reference  [5]  it  was  suggested  that  this  additional  mechanism  took  the  form  of  an 
"inertia"  effect  limiting  the  rate  at  which  the  necessary  reorganization  of  velocities,  within  the  boun- 
dary layer,  can  take  place.  In  terms  of  an  external  flow  field  which  imposes  a progressively  severe 
adverse  pressure  gradient  on  the  boundary  layer,  the  finite  time  required  for  the  reorganization  may 
allow  the  retardation  to  reach  a stage  substantially  in  excess  of  what  could  be  accommodated  by  an 
attached  steady  flow. 


Cases  in  which  the  effects  of  time-dependence  are  to  delay  reversal  onset  appear  to  be  more  common  than 
those  (such  as  the  oscillatory  flat-plate  flow)  in  which  the  effects  are  to  provoke  reversal.  In  the 
cases  where  reversal  onset  is  delayed,  separat ion  onset  is  delayed  even  more  by  unsteadiness.  Except 
possibly  in  situations  where  the  extent  of  reversed  flow  is  decreasing  with  time,  separation  (to  the 
extent  that  it  can  be  identified)  seems  to  occur  downstream  of  reversal.  Or,  at  a given  station  on  a 
body  surface,  reversal  occurs  first  followed,  some  time  later,  by  separation.  The  rapid  growth  of  the 
boundary  layer,  necessary  to  provoke  detachment  of  the  outer  streamlines,  evidently  implies  a further 
reorganization  of  the  velocities  within  the  layer,  and  requires  an  additional  time  increment,  over 
and  above  that  required  for  reversal. 


IV.  THE  PROPERTIES  OF  UNSTEADY  REVERSAL  AND  SEPARATION 

A familiar  concept  in  boundary-layer  theory  is  the  notion  that  the  boundary  layer  separates  when  the 
wall  shear  stress  falls  to  zero.  Numerous  text  books  have  reproduced  a schematic  diagram,  published 
originally  by  Prandtl,  showing  how  a dividing  streamline  leaves  the  body  surface,  initiating  a region  of 
reversed  flow  within  the  boundary  layer,  and  immediately  provoking  detachment  of  the  external  stream  from 
the  body  contour.  So  familiar  is  this  conceptual  picture  that  it  is  widely  believed  that  it  portrays  the 
general  pattern  of  separation.  Actually,  Prandtl's  representation  is  accurate  only  for  two-dimensional, 
steady,  incompressible,  laminar  flow.  In  almost  all  other  cases  there  are  deviations  from  this  repre- 
sentation and,  in  some,  the  actual  picture  is  substantially  different. 

In  time-dependent  flow  the  wall  shear  stress  can  often  pass  through  zero,  ushering  in  a region  of 
reversed  flow,  without  there  being  any  significant  disruption  of  the  external  stream  or  breakdown  of  the 
boundary- layer  equations  [13].  Figure  4 depicts  the  process  schematically,  and  Figures  S,  6 show  some 

*The  flows,  mentioned  in  Section  IV,  in  which  the  external  gradients  are  alleviated,  involve  some  varia- 
tions  beyond  t = tc;  also  the  spatial  distributions  of  U depart,  to  some  extent,  from  Equations  (13), 
(14).  * 
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calculated  velocity  profiles,  for  laminar  and  for  turbulent  flow,  respectively,  which  illustrate  this 
smooth  passage  through  the  point  of  reversal. 
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From  a conceptual  standpoint,  the  occurrence  of  reversal,  unaccompanied  by  disruption  of  the  outer  flow, 
is  highly  significant.  It  means  that  the  direction  of  the  flow  near  the  body  surface  is  essentially 
uncorrelated  with  the  inclination  of  the  outer  streamlines,  and  that  a change  in  this  direction  is  not 
necessarily  indicative  of  rapid  boundary- layer  thickening.  This  result  has  important  consequences  in 
engineering  because  the  loads  on  a body  are  highly  dependent  on  the  rate  of  boundary-layer  growth  and 
the  associated  displacement  effect;  the  direction  of  the  surface  flow,  by  contrast,  is  of  little  concern. 
Section  V below,  includes  a further  discussion  of  the  engineering  implications  of  unsteady  reversal  and 
separat ion . 

Although  the  first  onset  of  unsteady  reversal  is  uncoupled  from  rapid  boundary- layer  thickening  and  does 
not  signal  the  immediate  breakdown  of  the  first-order  boundary- layer  equations,  those  events  may  occur 
some  time  later.  It  is  often  found  that  rapid  thickening  occurs,  and  steep  gradients  develop  within  the 
boundary  layer,  subsequent  to  the  onset  of  reversal  (Figure  7).  The  calculations  frequently  break  down, 
shortly  thereafter,  indicating  the  presence  of  a singularity  in  the  equations.  The  existence  of  the 
singularity  has  been  discussed  by  Sears  and  Telionis  [2]  •.;ho  argued  that  it  is  simply  the  counterpart 
of  the  Goldstein  singularity  in  steady  laminar  flow,  but  that  it  happens  to  occur  at  some  location  other 
than  the  reversal  point.  Certainly  the  behavior  of  boundary-layer  solutions  near  the  point  of  break- 
down in  unsteady  flow  bears  similarities  to  their  behavior  near  the  Goldstein  singularity  [14]. 

Two  questions  remain,  however.  The  first  is  whether  the  development  of  a singularity  in  the  first-order 
theory  inevitably  occurs  subsequent  to  the  formation  of  a region  of  reversed  flow.  This  question  will 
be  addressed  below.  The  second  is  whether  the  singularity  has  any  physical  significance  or  any  physical 
counterpart.  In  response  to  this  second  question,  a plausible  argument  would  be  that,  even  though  a 
singularity,  per  se,  could  not  occur  in  a real  fluid,  the  associated  rapid  boundary-layer  thickening 
would  be  observable.  Moreover,  the  rapid  thickening  and  subsequent  breakdown  of  the  boundary  layer 
would  correspond  to  "separation",  in  the  sense  of  detachment  of  the  outer  flow  from  the  body  contour. 
According  to  this  interpretation  a well-defined  and  predictable  sequence  of  physical  events  runs  parallel 
to  the  events  encountered  in  the  boundary  layer  calculations. 

Probably  there  are  physically  realizeable  flows  in  which  this  whole  sequence  of  events  takes  place; 
reversal,  further  development  of  a thin  boundary  layer  (with  embedded  reversed  flow  near  the  surface) 
and,  finally,  rapid  thickening  and  separation.  On  the  other  hand,  there  is  now  considerable  doubt  as 
to  whether  the  rapid  thickening  and  breakdown  of  the  first-order  boundary  layer  — interpreted  as 
physical  separation  or  not  — is  an  inevitable  feature  of  flows  with  reversal.  Calculations  for  the 
same  types  of  flow,  performed  using  the  full  Navier-Stokes  equations  failed  to  exhibit  a singularity  or 
any  abrupt  thickening  of  the  viscous  layer  which  might  correspond  to  it  [11].  The  Navier-Stokes  solu- 
tions were  almost  disappointingly  uneventful.  It  was  even  found  possible  to  relax  the  solutions  to  a 
steady-state  condition,  containing  embedded  reversed  flow,  without  any  gross  thickening  of  the  viscous 
layer  becoming  apparent. 

The  sharply  contrasting  behavior  of  the  first-order  solution,  on  the  one  hand,  and  that  of  the  Navier- 
Stokes  solution,  on  the  other,  supports  a viewpoint  somewhat  at  variance  from  the  one  linking  develop- 
ments in  the  boundary- layer  calculations  to  physical  separation.  This  second  viewpoint  would  hold 
that  the  rapid  thickening  of  the  first-order  boundary  layer,  and  its  subsequent  breakdown,  may  be 
nothing  more  than  anomalies  resulting  from  the  unrealistic  nature  of  the  boundary-layer  approximations. 
Studies  of  the  rapid  thickening,  far  from  shedding  light  on  the  separation  process,  would  be  of  no 
physical  relevance.  This  viewpoint  may  be  exaggerated;  as  suggested  before,  probably  there  are  classes 
of  flow  in  which  the  rapid  thickening  does  occur.  The  particular  Navier-Stokes  solution  may  have 
belonged  to  a different  class  which  could  not  be  distinguished  from  the  others  by  the  first-order 
theory.  However  the  possibility  that  the  rapid  thickening  may  simply  be  a consequence  of  the  boundary- 
layer  approximations  is  a serious  one  and  needs  to  be  explored  further. 

The  boundary- layer  approximations  include  the  neglect  of  diffusive  transport  parallel  to  the  body  surface 
and  the  neglect  of  the  pressure  gradient  normal  to  it.  It  can  readily  be  shown  that  longitudinal  or 
lateral  diffusion  plays  a minimal  role  in  the  mechanics  of  the  flow,  at  the  Reynolds  numbers  of  the  cal- 
culations do'*  for  laminar  flow  and  10^  for  turbulent  flow),  and  is  not  powerful  enough  to  suppress  the 
rapid  thickening.  The  focus  of  interest  accordingly  shifts  to  the  normal  pressure  gradient.  The  normal 
gradient  is  associated  with  momentum  transport  through  the  boundary  layer,  but  it  can  also  be  regarded 
as  a means  for  redistributing  the  longitudinal  gradients;  the  existence  of  a finite  3p/3y  allows  3p/3x 
to  vary  with  y.  The  average,  and  effective,  value  of  3p/3x  in  the  inner  part  of  the  boundary  layer  may 
differ  significantly  from  its  value  in  the  adjacent  external  stream.  The  Navier-Stokes  solution 
reflects  this  redistribution,  whereas  the  first-order  boundary- layer  solution  does  not. 

In  order  to  study  the  possible  effects  of  redistribution  of  the  longitudinal  pressure  gradients,  some 
first-order  calculations  have  been  performed  in  which  3p/3x  could  automatically  be  alleviated  over 
regions  in  which  rapid  thickening  of  the  boundary  layer  would  otherwise  occur.  A simple  (but  somewhat 
ad  hoc)  scheme  was  devised  foi'  locally  reducing  3p/3x  if  3{/3x  (where  6 is  the  physical  thickness) 
exceeded  some  threshold  value.  The  intent  was  to  simulate,  very  roughly,  the  effects  of  allowing  the 
boundary  layer  to  interact  with  an  outer  flow  field.  Calculations  were  done  for  both  laminar  and  turbu- 
lent flow,  and  the  results  are  shown  in  Figures  8 through  13.  For  laminar  flow.  Figures  8,  9 show  plots 
of  displacement  thickness  and  wall  shear  stress  for  increasing  time  levels.  The  solid  curves  show  the 
solution  obtained  with  the  alleviated  pressure  gradients,  and  it  will  be  seen  that  calculations  extend 
to  a nondimensional  time  of  5 without  any  sign  of  breakdown.  In  contrast,  the  solution  obtained  with 
the  prescribed  pressure  gradients,  shown  by  the  dashed  lines,  suffers  rapid  boundary-layer  thickening 
and  breakdown  at  about  3 time  units.  The  external  velocity  distributions  corresponding  to  these  solu- 
tions is  shown  in  Figure  10.  It  will  be  seen  that  most  of  the  alleviation  of  the  external  gradients  is 
confined  to  the  region  where  the  singularity  would  otherwise  be  expected  to  develop.  Figures  11  - 13 
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show  similar  results  for  turbulent  flow.  Again,  as  a result  of  alleviation,  it  was  found  possible  to 
continue  the  calculation  substantially  further  than  could  be  done  without  alleviation  of  the  external 
gradients.  Indeed,  it  would  appear  that  the  solutions  could  be  relaxed  to  steady-state  conditions,  to 
produce  steady  flow  solutions  containing  embedded  reversal. 

The  conclusion,  from  these  calculations,  seems  to  be  that  the  rapid  thickening,  and  subsequent  breakdown, 
of  conventional  first-order  solutions  result  largely  from  the  prescription  of  the  longitudinal  pressure 
gradients.  These  trauma  are  not  inevitable  and  can  be  avoided  if  the  gradients  are  relaxed  over  criti- 
cal regions  of  the  flow,  in  favor  of  some  other  criterion  of  development.  This  conclusion,  for  time- 
dependent  flow,  parallels  one  reached  some  years  ago,  that  the  Goldstein  singularity  in  steady  flow 
could  similarly  be  avoided  by  alleviation  of  the  pressure  gradients  (15,  16].  In  a real  flow  the  allevia- 
tion of  the  gradient  arises  from  the  interaction  between  the  boundary  layer  and  the  outer  flow  field. 
Presumably,  in  some  cases  this  alleviation  is  sufficient  to  delay  rapid  thickening  for  an  extended  period; 
in  others  the  alleviation  is  less  effective  and  early  separation  takes  place. 


V.  RELEVANCE  TO  ENGINEERING  PROBLEMS 

As  noted  in  Section  I,  unsteady  reversal  and  separation  impact  on  a number  of  Important  engineering  prob- 
lems. In  some  cases  the  unsteadiness  is  "unintentional"  and  embarrassing,  as  for  example,  in  the  vari- 
ous problems  of  aeroelastlcity , including  aileron  buzz.  In  others,  time-oependence  is  an  intentional 
feature  of  the  flow  and,  far  from  being  an  embarrassment,  improves  the  range  of  operating  conditions 
over  omd  above  what  might  be  possible  in  steady  flow.  An  area  in  this  latter  category,  which  has  been 
extensively  explored,  is  that  of  dynamic  stall. 

Reduced  to  its  simplest  terms,  the  flow  in  question  is  that  over  an  airfoil  in  pitching  motion.  During 
the  "upstroke"  (Increasing  incidence)  the  airfoil  reaches  a higher  angle  of  attack  and  a higher  lift 
coefficient,  before  stall  occurs,  than  would  be  possible  if  the  same  airfoil  were  held  at  constant  inci- 
dence. An  important  question  arises  concerning  the  mechanism  by  which  the  boundary  layer  manages  to 
remain  attached  during  the  phases  of  the  motion  when  the  Instantaneous  angle  of  incidence  exceeds  the 
value  for  static  stall  (i.e. , during  the  overshoot).  This  question  was  addressed  in  References 
[12,  17],  and  it  was  shown  that  a sizeable  delay  in  the  onset,  and  forward  movement,  of  flow  reversal 
could  be  explained  by 

(a)  the  effect  of  unsteadiness  in  the  potential  flow,  in  the  form  of  an  alleviation 
of  the  local  spatial  rates  of  retardation 

(b)  the  effect  of  unsteadiness  in  the  boundary  layer,  in  the  form  of  a delay  in  reversal 
for  given  spatial  rates  of  retardation. 

These  two  effects  seemed  to  be  of  roughly  equal  magnitude  and,  together,  were  large  enough  to  explain 
the  Cj^  overshoot.  But  it  was  also  shown  that  they  were  only  just  large  enough,  and  that  the  increase 
of  Ci^^,  predicted  simply  on  the  basis  of  delay  in  reversal  onset,  roughly  correlated  with  the  increase 
observed  experimentally.  The  correlation  led  to  the  suggestion,  in  Reference  [12],  that  flow  reversal 
in  the  boundary  layer  (when  it  finally  does  occur)  somehow  contributes  to  the  collapse  of  the  flow  about 
the  airfoil.  This  suggestion  met  with  considerable  hostility  from  the  more  vocal  proponents  of  competing 
dynamic-stall  models,  particularly  from  the  proponents  of  models  which  focus  on  the  bursting  of  a leading- 
edge  bubble.  Experiments  conducted  since  that  time,  however,  have  indicated  that  the  suggestion  had 
considerable  merit.  It  has  been  demonstrated  [18]  that  in  many  cases,  including  the  familiar  NACA  0012 
airfoil,  stall  is  associated  with  breakdown  of  the  boundary  layer,  initiated  by  forward  movement  of  the 
reversal  point.  It  should  be  noted  that  the  reversal  point  can  move  upstream  on  the  airfoil  without 
imnediately  causing  strong  boundary  layer  thickening.  Indeed,  with  appropriate  alleviation  of  the  exter- 
nal gradients  the  boundary  layer  can,  as  shown  earlier  in  this  paper,  remain  thin  for  a relatively  long 
time.  The  point  at  which  strong  thickening  or  "separation"  finally  occurs  will  lie  further  aft,  moving 
forward  in  pursuit,  as  it  were,  of  the  reversal  point. 

There  are  two  mechanisms  by  which  reversal  and/or  separation  can  contribute  to  stall  (Figure  14).  The 
first  involves  the  forward  movement  of  the  region  of  gross  thickening  of  the  boundary  layer,  and  its 
associated  detrimental  effect  on  the  circulation  about  the  airfoil.  This  mechanism,  which  is  reminis- 
cent of  rear  (or  tralling-edge)  stall  but  is  not  necessarily  limited  to  events  over  the  aft  portion  of  , 

the  airfoil,  can  operate  whether  or  not  a leading-edge  bubble  is  present.  The  second  is  applicable  in 
those  cases  where  a bubble  is  known  to  form,  and  has  to  do  with  the  interaction  between  the  bubble  and 
the  reversed  flow  which  spreads  forward  from  further  aft  on  the  airfoil.  The  tongue  of  reversed  flow 
penetrates  the  oncoming  boundary  layer  and,  eventually,  can  feed  mass  into  the  leading-edge  bubble, 
allot/ing  it  to  increase  in  size  and  subsequently  to  burst.  Thus,  even  if  bubble  bursting  features 
significantly  in  certain  types  of  dynamic  stall,  the  bursting  process  may  well  be  triggered  by  forward 
movement  of  the  reversal  point. 

Unsteady  effects  within  the  boundary  layer  evidently  play  a larger  role  in  the  dynamic  stall  story  than  i 

was  believed  only  a few  years  ago.  Not  only  do  they  explain  the  delay  in  stall,  but  it  is  now  recognized  j 

that  they  may  hold  the  key  to  the  stall  mechanism  itself.  ^ 

3 

VI.  EXTENSIONS  AND  FUTURE  WORK 

The  basic  computational  scheme  has  been  formulated  for  both  two-dimensional  and  infinite-yawed-cylinder 
flows,  and  for  incompressible  and  compressible  flows.  To  date,  the  numerical  experimentation  has  been 
confined  to  incompressible  flows  and,  with  a few  exceptions,  to  two-dimensional  conditions.  Considerable 
scope  therefore  exists,  already,  to  perform  calculations  for  a wider  range  of  flows.  Uncertainties 
regarding  the  validity  of  the  turbulence  modeling  may  be  of  increasing  concern  over  this  wider  range,  but 
they  are  not  absent  even  for  the  simplest  cases  of  two-dimensional,  incompressible  flow. 
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Some  work  remains  to  be  done  to  refine  the  computational  scheme  and  to  improve  upon  typical  run-times. 
The  major  thrust  of  the  work  now  in  hand,  however,  is  to  upgrade  the  method  by  the  inclusion  of  higher- 
order  terms  in  the  governing  equations.  Within  the  existing  numerical  structure  it  is  possible  to  lip- 
grade  the  method  to  the  status  of  the  full  Navier-Stokes  equations.  The  marching  procedure  can,  of 
course,  be  retained  because  the  Navier-Stokes  equations  are  parabolic  with  respect  to  time.*  Upgrade 
of  the  turbulence  model  to  two-equation  status  is  also  in  hand  to  provide  the  capability  necessary  for 
handling  this  wider  range  of  flow  conditions.  The  Intention  at  this  stage,  is  to  confine  the  research 
to  flows  which  are  boundary- layer  like,  i.e.,  to  flows,  close  to  solid  boundaries,  whose  longitudinal 
extent  of  interest  is  large  coBg>ared  to  their  thickness.  Important  classes  of  flows  have  these  charac- 
teristics — flows  which  are  intermediate,  in  terms  of  coiq>lexity,  between  those  simple  enough  to  con- 
form to  the  first-order  boundary- layer  theory  and  those  so  complex  that  their  confutation  requires 
access  to  specially-developed  confuting  facilities.  The  present  authors  feel  a strong  commitment  to  the 
development  of  calculation  tools  which  are  within  the  means  of  private  industry  to  use  for  engineering 
purposes . 

Regardless  of  the  status  of  the  equations  used  to  treat  the  viscous/turbulent  flow  near  the  solid 
boundary,  there  is  a strong  need  to  couple  the  solutions  to  potential  flow  solutions  for  an  outer  flow 
field.  In  this  way  the  redistribution  of  longitudinal  pressure  gradients,  arising  from  the  displacement 
effects,  can  be  pr<^erly  accounted  for.  As  noted  earlier  (Section  IV  above)  this  redistribution  has  a 
major  influence  on  the  ability  of  a calculation  to  proceed  beyond  the  initial  stages  of  reversal  without 
encountering  singular  breakdown. 


VII.  CONCLUSIONS 

This  research  is  aimed  both  at  the  development  of  computational  tools  for  unsteady  flows  with  reversal 
and  separation,  and  at  the  use  of  these  tools  to  study  the  associated  fluid  mechanics.  The  simple  tool 
of  first-order  boundary-layer  theory  has  proved  to  have  a surprising  degree  of  versatility,  and  an 
iiq)ressive  range  of  validity.  The  observation,  made  several  years  ago,  that  reversal  onset  did  not 
signal  the  breakdown  of  the  boundary- layer  approximations,  meant  that  the  first-order  theory  could  be 
used  to  study  the  early  development  of  embedded  reversed-flow  regions.  The  observation,  made  herein, 
that  the  breakdown  of  those  approximations  does  not  inevitably  occur  — even  for  extended  times  beyond 
reversal  onset  — means  that  the  theory  can  be  used  to  study  the  mechanics  of  mature  reversed  flows, 
possibly  to  the  point  of  their  asymptotic  approach  to  steady-state  conditions. 

The  observation  that  the  boundary-layer  equations  do  not  inevitably  break  down  subsequent  to  reversal 
helps  to  clarify  a number  of  Important  issues: 

1.  The  singularity  identified  by  Sears  and  Telionis  is  not  a necessary  feature  of  the 
first-order  theory,  but  develops  when  the  theory  is  interpreted  in  a particular 
manner:  in  terms  of  prescribed  longitudinal  pressure  gradients. 

2.  The  singularity  can  evidently  be  avoided  if  alleviation  of  the  pressure  gradients 
is  permitted,  in  certain  critical  regions,  as  would  occur  if  the  boundary  layer 
were  allowed  to  interact  with  an  outer  potential  flow. 

3.  The  rapid  thickening  of  the  boundary  layer,  observed  in  certain  calculations,  may 
correspond  to  physical  separation,  or  detachment  of  the  outer  streamlines,  but  may 
simply  reflect  the  breakdown  of  the  first-order  theory  due  to  inappropriate  longi- 
tudinal pressure  gradients. 

4.  When  it  does  occur,  physical  separation  usually  takes  place  at  a later  time  than  flow 
reversal.  The  effects  of  time -dependence  are  typically  to  delay  reversal  onset  (can- 
pared  to  conditions  in  an  equivalent  steady  flow)  and  to  delay  separation  onset  even 
more.  The  time  interval  between  reversal  onset,  at  some  station  on  a body,  and  separ- 
ation onset  may  be  indefinitely  long  depending  on  the  temporal  and  spatial  development 
of  the  pressure  field. 

5.  Unsteady  effects  within  the  boundary  layer  appear  to  be  capable  of  explaining  two 
classes  of  dynamic  stall:  one  in  which  rapid  thickening  of  the  layer,  and  separation, 
bring  about  a collapse  of  the  circulation,  and  the  other  in  which  the  layer  remains 
thin  but  a tongue  of  reversed  flow  penetrates  a leading-edge  bubble  causing  it  to 
grow  and  burst. 

Coupling  of  a first-order  boundary  layer  with  a potential-flow  model  of  the  external  flow  field  would 
appear  to  provide  a tool  for  studying  a wide  variety  of  unsteady  flows  with  embedded  reversal.  Tor  many 
such  flows  use  of  the  full  Navier-Stokes  equations,  or  their  turbulent  analog,  would  offer  few  advantages 
and  poorer  economy.  Comparison  between  the  solutions  obtained  by  the  two  alternate  approaches  would 
serve  to  establish  th«  range  of  validity  of  the  former.  For  flows  which  are  of  the  boundary-layer  type, 
but  in  which  the  first-order  approximations  are  inadequate,  higher-order  terms  should  be  retained  in  the 
equations.  The  solution  of  the  resulting  set  of  equations,  having  a status  lying  between  that  of  the 
first-order  theory  and  the  Navier-Stokes  equations,  should,  again,  be  matched  to  an  outer  potential- 
flow  model. 
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* In  time-dependent  flow  no  approximation  needs  to  be  made  in  order  to  produce  this  parabolic  status. 
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Figure  1 INTEGRATION  DOMAIN  FOR  TIME -DEPENDENT 
BOUNDARY  LAYERS 
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Figure  2 SCANNING  OF  THE  x - y PLANE  USING  THE 
ALTERNATING-DIRECTION  TECHNIQUE 


Figure  3 EXTERNAL  VELOCITY  DISTRIBUTIONS 
FOR  "FROZEN  FLOWS" 


Figure  4 REVERSAL  ONSET  IN  A TIME- DEPENDENT  BOUNDARY  LAYER 
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Figure  5 LAMINAR  BOUNDARY  LAYER  PENETRATING  A 
REVERSED-FLOW  REGION 
(Laminar  Frozen  Flow:  Rg  - 10**, 

= 0.5,  = 2.0,  x/c  = 0.5) 


Figure  6 TURBULENT  BOUNDARY  LAYER  PENETRATING 
A REVERSED-FLOW  REGION 
(Turbulent  Frozen  Flow:  Rg  = 10^, 
if  = 0.25,  tf  = 1.5,  x/c  = 0.66) 


Figure  7 RAPID  THICKENING  OF  THE  BOUNDARY  LAYER  SUBSEQUENT 
TO  REVERSAL  ONSET 
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FEATURES  OF  UNSTEADY  TURBULENT  BOUNDARY  LAYERS 
AS  REVEALED  FROM  EXPERIMENTS 
by 
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SUMMARY 

The  first  results  from  an  experimental  research  program  on  unsteady  turbulent  boundary  layers  near 
separation  are  presented.  The  test  flow  Is  a periodic,  nominally  tMO-d1mens1ona1 , Incompressible  turbu- 
lent boundary  layer  on  a flat  surface.  A programmable  flow  damper  1$  used  to  produce  the  almost  single 
harmonic  velocity  variation.  It  was  found  that  the  periodic  flow  In  the  viscous  sublayer  of  the  boundary 
layer  Is  strongly  Influenced  by  the  oscillating  pressure  gradient.  Within  the  seml-logarlthmic  velocity 
profile  region  there  Is  no  phase  variation.  Since  the  characteristic  frequencies  of  the  turbulence  de- 
crease markedly  near  separation,  there  Is  much  more  Interaction  between  the  periodic  oscillation  and 


the  turbulence  In  this  region. 

NOMENCLATURE 

Symbols 

C 

characteristic  streamwlse  length 

Uw(t) 

velocity  scale  for  wall  region 

f 

frequency  of  periodic  oscillation,  Hz 

ensemble-averaged  streamwlse  mean 

n 

characteristic  bursting  frequency,  Hz 

u 

square  fluctuation 

t 

time 

y 

distance  from  wall.  Inches 

U 

• U > U,  ensemble-averaged  velocity, fps 

^w 

■ yUw/v 

U 

time-averaged  velocity 

y« 

• y/« 

U 

periodic  component  of  ensemble-averaged 
velocity 

6(x,t) 

- y where  U • 0.99  Ujx.t) 

U1.U2 

amplitude  of  the  fundamental  and  second 

V 

kinematic  viscosity 

harmonic  frequency  components  of  the 
periodic  ensemble-averaged  velocity 

♦ 

phase  angle 

Subscrl pts 

e 

m 

denotes  entrance  condition 

freestream  condition  outside  boundary 
layer 

u 

• 2irf 

1 . INTRODUCTION 

The  results  from  experiments  described  In  this  paper  are  concerned  with  a periodic,  nominally  two- 
dimensional.  Incompressible  turbulent  boundary  layer  on  a flat  surface  which  separates  due  to  an  adverse 
pressure  gradient.  Several  experimental  Investigations  have  been  made  of  unsteady  turbulent  boundary 
layers,  but  few  have  measured  the  flow  behavior  as  separation  Is  approached.  The  results  from  cind  films 
of  the  unsteady  separation  behavior  are  also  presented. 

These  results  are  the  first  In  this  research  program  to  provide  needed  quantitative  experimental 
Information  about  this  type  of  flow.  A directionally  sensitive  laser  anemometer  to  determine  quantita- 
tively the  flow  structure  downstream  of  separation  will  be  used.  This  Information  1$  clearly  layrartant 
since  It  Is  well  recognized  that  this  separated  flow  strongly  Influences  the  freestream  potential  flow, 
which  In  turn  Influences  the  upstream  flow  behavior. 

Some  of  the  Ingwrtant  results  that  have  been  deduced  from  these  experiments  to  date  are  (1)  that 
the  periodic  flow  In  the  viscous  sublayer  Is  strongly  affected  by  the  oscillating  pressure  gradient, 

(2)  that  there  Is  no  phase  variation  In  a seml-logarlthmic  velocity  profile  region,  and  (3)  that  the 
characteristic  large-scale  eddies  of  the  turbulence  strongly  Influence  the  phase  variation  within  the 
boundary  layer.  Near  separation  there  Is  strong  Interaction  between  the  boundary  1«yer  and  the  inviscid 
freestream  flow. 

2.  EQUIPMENT  AND  TEST  aOH 


Figure  1 Is  a side  view  schematic  of  the  25  feet  long,  three  fOot  wide  test  section  of  the  blown 
wind  tunnel.  The  test  boundary  layer  on  the  steel-reinforced  wind  tunnel  floor  Is  an  airfoil  type  fbr 
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velocities  corresponding  to  the  average  oscillating  flow  velocities  at  each  streamwlse  location.  An 
elaborate  active  boundary  layer  control  system  Is  used  to  eliminate  preferential  separation  of  the  curved 
top  wall  boundary  layer.  Highly  two-dimensional  wall  Jets  of  high  velocity  air  (110  fps)  are  Introduced 
at  the  beginning  of  each  of  the  eight  feet  long  sections.  At  the  latter  two  streamvlse  locations  the 
oncoming  boundary  layer  Is  partially  removed  by  a highly  two-dimensional  suction  system.  All  experi- 
mental data  were  obtained  with  the  temperature  and  average  entrance  velocity  being  maintained  essentially 
constant  at  JT’F  and  54  fps. 

Velocity  profiles  at  several  spanwise  locations  Indicated  that  the  mean  velocity  Is  two-dimensional 
within  about  IX.  Just  upstream  of  the  blunt  leading  edge  of  the  test  wall,  33  smoke  ports  are  located 
spanwise  across  the  wind  tunnel  contraction.  A baffle  plate  deflects  the  smoke  In  the  free-stream  direc- 
tion and  tends  to  produce  a uniform  spanwise  distribution  of  the  dioctyl  phthalate  smoke.  A spanwise 
sheet  of  laser  light  Indicated  two-dimensional  time-averaged  flow. 

A programnable  rotating-blade  flow  damper  [1]  Is  located  downstream  of  the  free-stream  flow  blower. 
The  fixed  setting  damper  Is  used  to  adjust  the  mean  velocity  while  the  programnable  rotating-blade 
damper  produces  the  flow  unsteadiness.  This  Is  about  30  feet  upstream  of  the  wind  tunnel  contraction 
exit.  Between  these  two  locations  are  located  a blower  silencer,  ductwork  with  a sound  absorbing  liner, 
honeycomb  and  seven  screens,  as  well  as  the  contraction. 

As  shown  In  figures  3,  six-inch-chord  symmetrical  aluminum  extrusions  mounted  on  1/2  Inch  diameter 
steel  shafts  are  used  for  the  five  rotating  blades.  Only  one  or  all  of  the  blades  may  be  used  at  any 
relative  orientation  to  one  another.  Six- Inch-pitch-diameter  spur  gears  connect  these  shafts  while 
other  gears  provide  the  drivetrain  from  a 0.3  hp  DC  motor.  A specially  built  programmable  motor  power 
controller  makes  possible  periodic  variations  of  the  angular  velocity  of  the  damper  blades.  This  makes 
possible  adjustment  of  the  periodic  velocity  waveform  at  the  test  section  entrance.  An  optical  switch 
and  a chopper  blade  mounted  on  the  first  damper  blade  shaft  are  used  with  the  controller  to  maintain 
the  period  of  each  rotation  constant  within  about  0.25X  of  a preselected  crystal  oscillator  period. 

The  blade  angular  velocity  variation  within  each  period  Is  programmable  with  16  adjustable  motor  voltage 
variations. 

Figure  4 shows  an  oscilloscope  photograph  of  several  quantities  for  the  0.596Hz  periodic  flow  de- 
scribed here.  The  three  top  blades  rotate  and  are  parallel  when  open  while  the  fourth  Is  fixed  open 
and  the  fifth  Is  fixed  closed.  The  velocity  varies  from  36  to  72  fps.  The  straight  line  Is  a conmon 
voltage  ground  or  zero  velocity  line.  The  top  fuzzy  triangular-shaped  wave-form  Is  the  output  voltage 
and  associated  noise  from  a voltage  generator  tachometer  connected  to  the  motor.  Note  that  this 
smoothed  shape  closely  corresponds  to  the  smoothed  low-pass  filtered  voltage  variations  In  the  16 
different  voltage  steps  and  shown  In  the  bottom  portion  of  the  photograph.  The  linearized  hot-wire 
anemometer  signal  at  the  test  section  entrance  and  the  pure  sine  wave  Indicate  that  the  velocity  varia- 
tion Is  approximately  sinusoidal.  The  velocity  time  derivative  Is  also  observed  to  be  not  extremely 
far  from  a consine  wave  although  there  Is  more  than  90  degrees  of  phase  difference  with  the  velocity 
variation. 

Hot-wire  anemometers  and  llnearizers  constructed  from  Integrated  circuits  and  Thermo-Systems  Model 
1218  probes  with  0.00015  Inches  diameter  wires  were  used  In  the  measurements  reported  here.  The 
averages  of  signals  over  an  Integral  number  of  period  cycles  of  the  crystal  oscillator  were  obtained 
using  a voltage-controlled  oscillator  (VCO)  and  a digital  counter.  The  signal  was  Input  to  the  VCO 
and  the  digital  counter  displayed  the  ratio  of  the  crystal  oscillator  frequency  to  the  average  VCO 
frequency.  Simultaneously  the  signals  from  the  hot-wires  located  In  the  boundary  layer  and  In  the 
freestream  and  the  reference  signal  from  the  crystal  oscillator  passed  through  line  driver  amplifiers 
to  16  bit  A/D  converters.  These  digitized  signals  were  sampled  by  a Fortran  programnable  EAI  Model 
640  Digital  Computer  at  96  different  phases  of  the  fundamental  period  to  educt  the  periodic  variation 

of  the  boundary  velocity  U and  the  streanwlse  velocity  fluctuation  IF  . 

The  smoke-filled  turbulent  flow  was  Illuminated  by  a streamwlse  vertical  sheet  of  laser  light 
along  the  tunnel  centerline.  Cind  films  with  a Palllard-Bolex  H16M  camera  capable  of  framing  rates 
of  16  to  64  frames/sec.  were  made  to  visualize  the  separating  flow.  Styrofoam  balls  about  1/16  Inches 
In  diameter  were  used  to  approximately  mark  the  variation  of  the  mean  separation  location  during  the 
oscillation  period.  These  balls  were  rolled  about  on  the  test  floor  by  the  opposing  upstream  and 
downstream  aerodynamics  forces. 

3.  EXPERIMENTAL  RESULTS 

Based  upon  the  average  test  section  entrance  velocity  Ue«  of  54  fps  and  the  16  feet  length  of  the 
converging-diverging  section  for  C,  the  length  Reynolds  number  fbr  this  flow  Is  DisjC  ■ 5.1x10®  and  the 

reduced  frequency  uC/2Ue^  ■ 0.55.  The  free-stream  oscillation  amplitude  Is  about^1/3  of  the  mean  veloci- 
ty. These  values  are  near  the  values  encountered  In  some  turbomachinery  and  helicopter  blade  applications. 
Fourier  analysis  of  the  enseable-averaged  free-stream  velocity  Indicates  that  only  0.2X  of  the  oscillation 
energy  lies  In  the  harmonics  greater  than  the  fundamental.  While  this  flow  may  be  considered  near  quasi- 
steady, the  moderate  oscillation  amplitude  Introduces  some  non-linear  effect  that  1$  of  Interest, 
particularly  In  the  separation  region. 

As  shown  In  figure  2,  the  mean  velocity  of  the  freestream  In  the  oscillating  flow  Is  almost  the 
sm  up  to  90  Inches  as  that  for  a steady  flow  with  the  same  entrance  velocity.  The  ratio  of  the  os- 
cillation asqrlltude  to  the  mean  velocity  of  the  fundamental  only  slightly  deviates  from  a constant 
value  as  shown  In  figure  5a.  The  second  harmonic  contribution  reaches  a maximum  at  the  minimum  flow 
tru  and  decreases  downstream.  There  Is  Increasing  phase  lead  of  the  fundamental  as  the  separation 
region  Is  approached  as  shown  In  figure  5b.  There  is  little  streamwlse  variation  of  the  phase  of  the 
seco^  haimnic.  The  test  boundary  layer  near  separation  Is  several  Inches  thick,  so  freestream  and 
boundary  layer  Interaction  Is  believed  to  produce  the  deviation  between  the  unsteady  and  steady 
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frecstream  results  shown  In  figure  2 as  well  as  the  Increasing  phase  lead  of  the  freestream  velocity. 

The  cind  films  for  steady  flow  at  an  entrance  velocity  of  54  fps  Indicate  that  there  Is  considerable 
unsteadiness  Introduced  by  separation.  Previous  research  In  this  tunnel  [2]  Indicates  that  turbulent 
boundary  layer  separation  Is  unsteady  by  nature,  moving  up  and  down  stream  over  a streanvlse  distance 
of  the  order  of  several  boundary  layer  thicknesses.  Some  unsteadiness  Is  also  Introduced  Into  the  free- 
stream flow  by  the  turbulent-non-turbulent  Interface. 

The  movies  for  the  unsteady  flow  show  the  periodic  movement  of  the  mean  separation  line.  Unsteadi- 
ness Is  also  Introduced  Into  the  freestream  by  the  boundary  layer.  There  Is  approximately  30°  - 50° 
phase  lag  between  the  free-stream  and  the  movement  of  the  separation  line  as  Indicated  by  the  styrofoam 
balls.  This  lag  Is  due  to  the  time  required  for  the  large  eddies  In  the  outer  shear  layer  to  supply 
the  backflow. 

Figure  6 shows  the  periodic  ensemble-averaged  results  for  the  87.56  Inches  location.  The  momentum 
thickness  Reynolds  number  at  this  location  varies  between  4300  and  6700.  There  Is  significant  phase 
lead  In  the  viscous  sublayer  as  shown  In  the  bottom  trace.  Figure  7 shows  the  periodic  ensemble- 
averaged  velocity  profiles  for  several  cycle  phases  with  a distinct  semi -logarithmic  region  near  the 
wall  and  a distinct  wake  region  near  the  freestream.  Figure  8 shows  the  phase  for  the  fundamental 
harmonic  as  a function  of  distnace  from  the  wall.  The  greatest  phase  lead  occurs  In  the  viscous  sublayer. 
As  proven  below,  the  phase  In  the  semi -logarithmic  velocity  profile  region  must  be  constant  and  Is  ob- 
served to  be  so.  Note  that  the  boundary  layer  thickness  5 Is  a periodic  function  of  the  cycle  phase. 

The  outer  region  of  the  U/U»  vs.  y/6  profile  does  not  vary  significantly  with  phase  when  the  local 
U»  and  5 values  for  the  same  phase  are  used.  Near  the  wall  In  the  semi -logarithmic  region  there  Is  a 
small  deviation  from  the  average  velocity  profile,  shown  as  a solid  line  In  figure  7. 

Figure  9 shows  the  amplitude  of  the  fundamental  Ui  and  the  second  harmonic  Uz  of  the  periodic 
ensemble-averajed  results  normalized  by  the  local  mean  velocity  U as  a function  of  distance  from  the  wall. 
The  ratios  Ui/U  and  U2/U  are  the  greatest  In  the  viscous  sublayer.  As  discussed  below  this  occurs  be- 
cause the  oscillating  pressure  gradient  has  the  greatest  Influence  on  the  relatively  low  velocity  flow 
In  the  sublayer.  The  flow  downstream  of  this  location  but  upstream  of  separation  exhibits  the  same 
qualitative  behavior.  1 

Tty^^ls  little  phase  variation  of  the  turbulence  fluctuation  near  the  wall.  The  outer  region 

of  thefu^F/  Uo.  profile  Is  correlated  for  different  phases  when  the  local  lU  and  6 values  for  the  same 
phase  are'used.  Based  upon  the  previous  work  on  steady  free-stream  separation  [3],  the  hot-wire  signals 
Indicated  Intermittent  backflow  at  106.3  Inches. 

4.  DISCUSSION 

4.1  Sublayer  behavior 

From  these  experiments  It  Is  now  clear  that  the  periodic  variation  of  viscous  sublayer  velocities 
can  be  markedly  out  of  phase  with  the  freestream  velocity.  Neglecting  the  turbulence  and  the  convective 
terms,  the  equation  of  motion  can  be  written 

3U  . -1  dP  .V  a'u  /i\ 

at’T  3;  * ^ 

The  freestream  pressure  gradient  can  be  expressed  as 

+ U-^  +1^.0 
at  ax  p 3x 

from  the  one-dimensional  Inviscid  equation  of  motion.  If  the  free-stream  velocl^  varies  approximately 
according  to 


U.  • Ujx)  + U,_  cos  (u>t) 


then  equation  (1)  becomes 


n ^ “ sln(o)t)  + U,  ^ ^ U,  + Ui,  d!4,j  cos(Qit) 


♦l!l-  ^[1  + cos  (2ut)] 


The  first  term  on  the  right  side  of  this  equation  Is  due  to  the  unsteady  free-stream  velocity.  The  other 
terms  are  the  steady  pressure  gradient,  the  major  component  to  the  unsteady  pressure  gradient,  and  the  non- 
linear coaqranent  to  the  unsteady  pressure  gradient.  In  the  low  frequency  moderate  amplitude  oscillations 
examined  here,  the  first  and  the  last  terms  are  small.  Thus  the  unfavorable  oscillating  pressure  gradient 
and  the  freestream  velocity  are  almost  In  phase.  The  pressure  gradient  strongly  acts  on  the  viscous 
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sublayer  flow  to  produce  a significant  phase  lead.  The  non-11near  component  also  has  some  effect  as 
shown  In  figure  9. 

4.2  Logarithmic  region 

Based  upon  dimensional  grounds.  It  Is  possible  to  prove  that  the  phase  variation  of  the  ensemble 
averaged  velocity  Is  zero  within  a semi -logarithmic  region.  That  Is,  If  a seml-logarlthmic  velocity 
profile  Is  observed,  the  phase  shift  with  respect  to  the  freestream  does  not  vary  In  that  region.  It 
Is  well  established  that  In  a steady  free-stream  turbulent  boundary  layer  one  set  of  velocity  and  length 
scales  exists  for  the  velocity  profile  near  the  wall,  as  expressed  by  the  ”1aw-of-the-wa11",  while 
another  set  exists  for  the  velocity  near  the  freestream,  as  expressed  by  the  "law-of-the-wake". 

In  the  region  of  overlap  between  these  regions,  the  velocity  profile  varies  with  1n/y/.  Two 
such  sets  of  velocity  and  length  scales  apparently  exist  for  a periodic  unsteady  turbulent  boundary 
layer  at  each  streamwise  location.  U (t)  and  v/ir(t)  for  the  wall  region,  and  U^(t)  and  6(t)  for  the 
outer  region.  Thus  near  the  wall 

U(y.t)  ■ U(y^^)  + U,(y^)f((ot  + ♦(y^))  (4) 


while  In  the  outer  region 


U(y.t)  ■ U (y„)  + U,  (y„)  f{a)t  + ♦(y^))  (5) 

where  the  function  f Is  periodic.  In  the  region  of  overlap  both  relations  should  produce  the  same 
result.  Thus, 

Ik  .1  (6) 

V 3y^^  3y  l3y_ 

Since  this  overlap  region  Is  formally  Independent  of  viscosity,  then3U/}y^  must  vary  as  1/y^  and 

U (y,t)  tn/y/  (7) 

Only  If  ^(y  ) equals  't’(y^)  and  Is  constant  can  each  of  the  terms  In  equations  (4)  and  (5)  have  a loga- 
rithmic variation  In  y. 

4.3  Periodic  oscillation-turbulence  Interaction 

A characteristic  frequency  of  the  large-scaled  eddies  of  the  outer  region  of  a steady  free- 
stream turbulent  boundary  layer  Is  the  "bursting"  frequency.  These  coherent  structures  supply  momentum 
and  energy  to  the  wall  region  from  the  outer  region  flow  and  are  responsible  for  the  engulfment  of  free- 
stream fluid  In  the  entrainment  process.  They  can  agglomerate  Into  larger  structures  and  new  structures 
can  be  formed  by  flow  Instabilities.  The  behavior  of  these  structures  Is  the  subject  of  much  current 
turbulent  shear  layer  research  [4].  In  most  of  the  experiments  that  have  been  reported  for  unsteady 
freestream  flows,  the  oscillation  frequency  was  much  below  the  bursting  frequency.  No  appreciable 
effect  on  the  turbulence  structure  was  noted,  I.e.,  turbulence  models  for  steady  freestream  flows 
appeared  to  be  adequate  [5]. 

However,  It  Is  Important  to  note  that  as  separation  Is  approached,  the  characteristic  bursting 
frequency  greatly  decreases.  Figure  10  shows  the  variation  of  the  characteristic  bursting  frequency 
for  the  steady  freestream  separating  flow  of  Sinpson,  et  a1  [2],  The  beginning  of  Intermittent  separa- 
tion (backflow  on  an  Intermittent  basis)  occurred  at  aBouF^21  Inches  and  the  zero  average  surface 
shearing  stress  occurred  at  about  132  Inches.  The  ratio  of  the  periodic  oscillation  frequency  to  the 
characteristic  bursting  frequency  Increases  as  separation  Is  approached.  The  oscillating  pressure 
gradient  and  the  turbulent  structure  become  more  strongly  coupled.  Thus,  even  though  there  may  not  be 
appreciable  Interaction  upstream,  there  will  be  more  Interaction  In  the  separation  region.  In  the 
present  flow,  there  Is  moderate  phase  lead  of  the  boundary  layer  ensemble-averaged  velocities  upstream, 
while  downstream  the  backflow  lagged  the  freestream  by  about  40°. 

Whether  a lead  or  lag  occurs  near  the  wall  depends  partially  on  whether  the  pressure  gradient 
oscillation  leads,  lags,  or  Is  In  phase  with  the  free-stream  velocity  variation.  For  example,  there  was 
a low  amplitude  traveling  wave  oscillation  In  the  flat  plate  experiments  of  Patel  [6].  The  favorable 
pressure  gradient  part  of  the  cycle  lagged  the  freestream  velocity  by  about  90°.  There  was  little 
Interaction  between  the  oscillation  and  the  turbulence;  the  oscillation  frequency  was  well  below  the 
boundary  layer  bursting  frequency.  In  that  case  the  logarithmic  region  lagged  the  freestream  velocity. 
This  lag  can  be  expressed  by 


U. 

It  Is  Interesting  that  Simpson  et  a1.  [2]  found  that  n6/U^*  1/10  for  the  bursting  frequency  In  their 
separating  boundary  layer.  NotTng~B)e  similarity  of  these  latter  two  expressions.  It  Is  reasonable  to 
expect  that  the  phase  shift  near  the  wall  Is  also  related  to  the  bursting  frequency. 

The  questions  that  have  been  raised  by  these  results  are  being  addressed  In  further  research. 
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Figure  2.  Time-averaged  free-stream  velocity  U^{x)  distribution:  ©steady  flow;  x oscillating  flow. 
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Figure  3a.  Schematic  of  prograamable  motor  controller. 
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Figure  3b.  Photograph  of  prograrmabl e damper.  Note  fixed  damper  at  right,  gear  train  for  rotating 
blades  1n  the  center,  and  motor  and  tachometer  at  center  top. 
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Figure  4.  Time  variation  of  signals.  From  top  to  bottom:  angular  velocity  variation,  tunnel 
velocity.  Input  voltage  variation,  time  derivative  of  tunnel  velocity,  pure  cosine, 
connon  ground.  Z volts/div.  vertical;  0.5  sec/div.  horizontal. 
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Figure  8.  Phase  angle  vs.  y at 
87.5  Inches. 


T^o  aiD  ?ia  Ton  i.so 

LBG  [ Y X 1000  1 


QQqQQ  □ □ OCIlTIlT) 


□ □ 


Figure  9.  U^/U  and  U2/U  at  87.5 
Inches. 
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Figure  10.  Bursting  and  Intermlttency 
frequencies  for  a separa- 
ting turbulent  boundary 
layer  [2].  0,  auto  corre- 
lation; L,  spectra  bursting 
results;  O . Intemrittency 
results.  Lines  fbr  visual 
aid  only. 
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SUMMARY 

A separated  turbulent  boundary  layer  on  a plate  was  subjected  to  harmonic  oscillations 
superimposed  on  the  mean  adverse  freestream  velocity  distribution.  The  resulting  effects  were 
investigated  over  a range  of  frequencies  up  to  6 Hz  and  amplitudes  up  to  13  per  cent  of  the  mean 
freestream  velocity.  Measurements  were  made  of  boundary  velocity  profiles,  turbulence  conponents,  static 
pressures  and  skin  friction  at  various  points  along  the  plate  surface  before  and  immediately  after  the 
separation  point.  For  the  range  of  frequencies  and  amplitudes  examined  the  oscillating  freestream  had  a 
negligible  effect  on  the  mean  distributions  of  skin  friction,  static  pressures,  turbulence  intensities  and 
the  mean  separation  position.  The  variation  of  velocity  amplitudes  in  the  boundary  layer,  which  exceeded 
the  freestream  amplitude  at  certain  positions,  was  dependent  on  frequency  and  distance  from  leading  edge. 
The  phase  of  these  oscillations  consistently  lagged  behind  the  freestream  oscillations.  Instantaneous 
measurements  of  skin  friction  showed  that  it  oscillated  at  the  same  frequency  as  the  fundamental  forcing 
frequency.  As  the  separation  point  for  steady  flow  was  approached  from  upstream,  the  oscillating  skin 
friction  at  some  point  became  negative  for  part  of  the  oscillatory  cycle.  This  negative  portion  of  the 
cycle  increased  as  the  mean  separation  point  was  approached.  However  the  oscillating  reversed  flow 
region  ahead  of  separation  position  for  steady  flow  produced  very  little  variation  in  momentun  thickness 
and  shape  parameter,  i.e.  there  was  no  associated  convection  of  vorticity  into  the  main  stream.  There 
was  similarly  a region  showing  oscillation  in  flow  direction  and  skin  friction  downstream  of  the  position 
of  separation. 


NOMENCLATURE 


mean  local  skin  friction  T^/JpU^* 

mean  pressure  coefficient 

root  mean  square  of  pressure  coefficient 


’’c.ra.s  P j/lpU,* 


outside  diameter  of  Preston  tube 

mean  shape  parameter 

static  pressure  amplitude  ratio 


travelling  wave  velocity 


J,  root  mean  square  of  the  freestream  velocity 
r.m.s  anplitude  at  edge  of  boundary  layer 

J,  mean  local  freestream  velocity  at  edge  of 
boundary  layer 

peak  amplitude  in  boundary  layer 

J peak  aii|)11tude  of  freestream  velocity  at 

a edge  of  boundary  layer. 


mean  turbulent  velocity  component  in 
x-di  recti  on 

skin  friction  velocity 

instantaneous  velocity  in  freestream  at  edge 
of  boundary  layer 

distance  from  leading  edge 

perpendicular  distance  from  surface 

boundary  layer  thickness 

momentum  thickness 

mean  wall  shear  stress 

peak  anplitude  of  wall  shear  stress 

phase  angle  (lag)  degrees 
pulsatance  (2irf) 
density  of  air 


) 


i 


i 

II 


1.  INTRODUCTION 

The  effects  of  an  oscillating  freestream  on  turbulent  and  laminar  boundary  layers  are  of  practical 
iaportance  in  various  fields  of  fluid  dynamics.  A few  illustrations  of  basic  applications  include  the 
stator  blades  in  turbo-machinery  which  are  subjected  to  oscillatory  flow  generated  by  the  passing  rotor 
blades,  wings  under  flutter  conditions,  aerofoil  lift  hysteresis  and  flow  over  helicopter  rotor  blades. 

The  importance  of  understanding  the  effects  of  oscillatory  flows  can  eventually  Improve  the  design  of  new 
aerodynamic  systems. 

Experimental  and  theoretical  investigations  of  separation  of  two  dimensional  turbulent  and  laminar 
boundary  layers  in  steady  flow  has  been  well  docuaented  for  many  years.  The  numerical  methods  available 
are  still  unable  to  predict  exact  boundary  layer  profiles  at  and  beyond  separation.  The  location  of  the 
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separation  point  can  be  determined  almost  precisely,  thus  a knowledge  of  the  limiting  parameters  Is 
essential.  There  have  been  very  few  theoretical  and  no  experimental  studies  Into  the  effects  of  an 
oscillating  freestream  on  a separating  turbulent  boundary  layer.  Therefore  the  required  data  to  predict 
oscillatory  flow  separation  Is  not  available. 

This  paper  describes  an  experimental  examination  of  the  response  of  a separated  turbulent  boundary 
layer  under  the  effect  of  an  oscillating  freestream.  Comprised  of  a mean  freestream  superimposed  upon 
this  Is  a disturbance,  which  Is  convected  In  the  downstream  direction  at  less  than  the  mean  freestream 
velocity.  Hence  the  freestream  velocity  Is  given  by  the  equation 

U.  = U,(x)  + U,  (x)e^“(‘  (1) 

1 a 

where  |U,J,  U^,  U,  are  the  Instantaneous, mean  and  oscillatory  amplitude  of  the  freestream 

velocity  I u Is  the  radian  frequency,  Q the  travelling  wave  velocity  and  x the  distance  from  the  leading 
edge. 

Measurements  Included  pressure  distributions,  velocity  profiles,  Preston  tube  readings  and 
longitudinal  turbulence  velocity  measurements.  Examination  was  made  of  the  region  close  to  and 
Immediately  beyond  the  steady  flow  separation  point,  to  determine  the  effect  of  the  oscillatory  freestream 
on  the  onset  of  flow  reversal  at  the  wall.  This  condition  is  defined  as  the  wall  shear  stress  reaching 
zero  at  any  Instant  In  time.  It  has  been  emphasised  that  for  laminar  flow  and  theoretically  for  turbulent 
flow,  separation  does  not  necessarily  mean  the  boundary  layer  becomes  detached  from  the  body.  In  these 
experiments  oscillating  zero  wall  shear  stress  was  observed  without  separation  ahead  of  the  known  steady 
flow  separation  point.  It  was  hoped  the  data  acquired  during  these  experiments  may  help  In  the 
development  of  more  exact  theoretical  models,  and  give  an  Indicatlong  of  the  limiting  parameters  for 
separation  In  oscillating  flows. 

2.  REVIEW  OF  PREVIOUS  WORK 

Several  recent  Investigations  into  the  effects  of  oscillatory  flow  on  separation  have  produced 
Important  advances  in  the  knowledge  of  this  phenomenon.  It  has  only  been  during  the  last  decade  that 
unsteady  or  oscillatory  flows  have  been  studied  to  any  great  extent.  Recently  there  have  been  some 
reviews  written  which  cover  this  broad  topic  by  Stewartsonl  {I960),  Rott^  (1964),  Stuart^  (1971), 

Tellonls^  (1975)  and  Will1ams5  (1977).  From  these  reviews  it  was  clear  that  the  majority  of  the  work 
has  been  biased  towards  the  theoretical  aspects  and  the  development  of  numerical  methods. 

The  criteria  for  steady  flow  two  dimensional  separation  was  first  stated  by  Prandtl  In  1904. 

Prandtl  described  separation  as  "the  point  from  which  the  flow  ceases  to  follow  the  contours  of  that  body". 

Separation  marks  the  end  of  the  boundary  layer  and  the  beginning  of  the  wake  or  separation  bubble.  In  an 
Ideal  situation  the  approach  to  separation  Is  accompanied  by  the  vanishing  of  the  shear  stress  at  the 
surface.  Prandtl's  definition  of  two  dimensional  separation  was  given  by; 

f = 0 at  y = 0 (2) 

where  U was  the  velocity  In  the  boundary  layer,  y Is  the  perpendicular  distance  measured  away  from  the 
surface. 

The  Prandtl  definition  for  separation  has  been  shown  not  to  be  valid  for  all  cases  of  steady  flow, 
by  Moore  Rott  and  Sears.  These  three  Independently  studied  steady  flows  over  moving  walls  and  proposed 
that  simultaneous  vanishing  of  shear  and  velocity  was  an  Indicator  for  separation,  defined  by 

1^  - 0 at  U = 0 (3) 

The  two  flows  considered  were  steady  flow  with  an  upstream  and  downstream  moving  wall.  In  both 
cases  the  boundary  layer  flow  Is  divided  by  the  wake  at  a stagnation  point.  This  hypothesis  was 
experimentally  verified  by  Vidal®  (1959)  and  Ludwig'  (1964).  Tsahalls  D.T.  and  Tellonis  D.P.8  (1973) 
developed  a numerical  method  which  confirmed  these  resuHs,  for  the  downstream  moving  wall  only.  The 
separation  of  the  boundary  layer  appears  at  the  point  defined  by  equation  3,  rather  than  at  the  point  for 
zero  skin  friction  defined  by  equation  2.  The  criteria  of  Moore, Rott  and  Sears  has  been  proven  for 
steady  flows  over  moving  walls.  Williams  and  Johnson^  (1974)  showed  that  for  the  special  case  of 
unsteady  flow  over  stationary  walls  it  may  be  mathematically  transformed  Into  steady  flow  over  moving 
walls.  The  method  of  semi -solutions  was  used.  The  results  of  this  study  showed  that  the  separation 
point  Is  characterised  by  simultaneous  vanishing  of  both  shear  and  velocity  et  a point  In  the  boundary 
layer  flow.  This  Is  a singular  behaviour  In  the  solution  of  the  boundary  layer  equations  near  the 
separation  point. 

Danberg  & Pansier^®  (1975)  have  verified  the  relationship  between  unsteady  flow  over  a fixed  wall 
and  steady  flow  over  a moving  wall,  but  for  the  downstream  moving  wall  case  only. 

The  first  experiments  undertaken  In  unsteady  flow,  to  determine  the  effects  on  separation,  were  by 
Despart  & Miller'^  0969).  These  experiments  Indicated  that  the  laminar  separation  appears  to  be 
stationary  but  displaced  upstream  from  the  location  that  corresponds  to  steady  separation.  The 
correlation  between  experimental  data  indicated  that  the  frequency,  Reynolds  number  and  dynamic  history  of 
the  boundary  layer  are  the  dominant  parameters,  and  the  oscillatory  anplitude  has  a negligible  effect  on 
the  separation  points  displacement.  An  Interesting  observation  made  was  that  reversed  flow  and 

consequently  zero  wall  shear  profiles  were  observed  to  occur  periodically  at  points  on  the  surface  In  the  j 

adverse  pressure  region,  upstream  of  the  region  of  wake  formation.  Oespard  and  Miller  proposed  the  ' 
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following  definition  of  laminar  separation  in  oscillating  flow  as  “connienclng  with  the  initial  occurrence 
of  zero  velocity  or  reversed  flow  at  some  point  in  the  velocity  profile  which  occurs  throughout  the 
entire  cycle". 

12 

Tsahalis  and  Telionis  (1974)  using  numerical  calculation,  found  some  agreement  with  the  results 
of  Despard  and  Miller,  but  not  for  all  situations  considered.  The  experimental  data  available  on 
oscillating  flow  with  separation  is  not  sufficiently  conclusive  to  permit  a thorough  comparison  with 
theoretical  studies. 

To  the  author's  knowledge  there  has  been  no  experimental  work  carried  out  to  investigate  turbulent 
boundary  layer  separation  in  oscillatory  flows.  There  has  been  some  work  on  turbulent  boundary  layers 
for  cases  of  zero  mean  axial  pressure  gradient  by  Kar1sson13  {1959)  and  M.H.  Patell4  (1976).  Analogies 
were  found  between  laminar  and  turbulent  boundary  layer  oscillatory  flows.  Patel's  experimental  study 
was  carried  out  under  very  similar  working  conditions  as  those  used  in  these  experiments.  Recently 
Schachenmann  and  Rockwell'^  (1976)  experimented  with  an  oscillating  freestream  on  a turbulent  boundary 
layer  with  an  adverse  pressure  gradient  along  a diffuser  without  separation.  Results  indicated  the 
effects  of  oscillations  on  the  mean  velocity  profiles  in  the  adverse  pressure  gradients  were  Insignificant 
irrespective  of  the  frequency  of  disturbance  tested. 

Theoretical  studies  into  unsteady  turbulent  boundary  layers  at  separation  have  recently  achieved 
some  results.  V.C.  Patel  & Nash^®  (1975)  later  extended  by  J.F.  Nash''  (1976)  solved  the  unsteady 
turbulent  boundary  layer  equation  numerically  using  the  rate  equation  for  the  Reynolds  stress  to  obtain 
closure.  It  was  shown  that  for  unsteady  flow  the  point  of  zero  skin  friction  is  not  singular  and  hence 
the  calculations  could  proceed  into  a partially  reversed  flow  region.  This  method  of  calculation  is 
only  valid  for  certain  types  of  unsteady  flow.  Similar  investigations  into  the  unstea«ty  separation 
where  the  theoretical  calculation  enters  the  partially  reversed  flow  have  also  been  studied  by  Telionis 
and  Tsahalis'o  (1976). 


3.  EXPERIMENTAL  DETAILS 
3. 1 Tunnel  and  Oscillatory  flow  facility 

Figure  No.  1 illustrates  the  wind  tunnel  used  in  the  study  of  the  separated  turbulent  boundary 
layer  under  oscillatory  flow.  The  wind  tunnel  is  of  low  speed  open  circuit  type,  with  side  walls, 

capable  of  producing  steady  and  unsteady  flow  within  a velocity  range  of  0 to  25  metres  per  second.  A 

velocity  of  22.0  metre/second  was  used  in  all  experiments. 

The  working  section  in  which  the  model  was  mounted  had  an  exit  throat  cross-section  of  1.0  metre 
wide  by  1.4  metres  high.  The  tunnel  had  a contraction  ratio  of  diffuser  area  to  throat  area  of  5.8  to 
1.0.  The  oscillatory  flow  was  generated  by  two  horizontal  flaps  which  were  positioned  at  the  top  and 
bottom  of  the  tunnels  exit  nozzle.  These  two  flexible  flaps  were  rigidly  fixed  at  one  end,  nearest  the 

contraction,  and  free  at  the  other.  The  free  end  was  driven  vertically  up  and  down  in  harmonic 

oscillation  by  a shaft  attached  to  a cammed  rotor  arm.  The  flaps  oscillated  harmonically  in  phase,  with 
a frequency  range  of  0 to  6 Hz.  Mechanical  limitations  prevented  higher  frequencies  being  attained. 

This  gave  a non-dimensional  frequency  paraireter  (iox/Uq)  in  the  range  of  0 to  3.0  over  the  model  being 
tested.  The  flaps  produced  a maximum  root  mean  square  amplitude  ratio  of  oscillation  (U  /U  ) of 

10%  at  the  edge  of  the  boundary  layer.  r.m.s. 


The  oscillatory  flow  in  the  freestream  over  the  test  section  was  induced  by  the  moving  flaps 
Interfering  with  the  shear  layers  at  the  edge  of  the  tunnels  exit  jet.  The  interference  causes  the 
shear  layers  to  roll  up  into  discrete  vortices  in  the  mixing  region,  which  are  converted  downstream  by 
the  jet.  The  rolled  up  vortices  affect  the  velocity  conponents  in  the  jet  flow.  Equation  (1)  gives 
the  definition  of  the  obtained  flow,  which  is  a travelling  type  of  unsteadiness.  The  harmonic 
oscillation  of  the  flaps  generate  a sinusoidal  flow  in  the  working  section.  The  wave  travels  at 
0.65  of  the  undisturbed  freestream  velocity. 

3.2  Model 

The  model  used  in  these  experiments  was  a flat  plate  of  2.0  metres  in  length  with  a round  nose 
section  and  a width  of  1.0  metre.  At  the  rear  of  the  plate  positioned  1.85  metres  from  the  leading  edge  a 
slotted  spoiler  inclined  at  50°  to  the  horizontal  axis.  The  spoiler  had  vertical  height  of  25 
centimetres  from  the  surface.  Slots  cut  into  the  spoiler  produced  stability  in  the  wake  and  prevented 
undue  unsteady  fluctuations  of  the  steady  separation  point.  The  spoiler  Induced  the  adverse  pressure 
gradient  and  separation  of  the  turbulent  boundary  layer  over  the  flat  plate. 

The  model  was  positioned  horizontally  on  the  centre  line  of  the  tunnel  with  the  leading  edge 
extensing  0.3  metres  into  the  throat  section.  The  model  protruded  upstream  of  the  flaps  to  prevent 
"bubble"  formation  over  the  leading  edge  caused  by  incidence  changes  in  the  freestream  due  to  the  flap 
oscillations.  The  model  was  synmetrical  about  the  horizontal  axis. 


'1  A diagram  of  the  experimental  layout  in  the  working  section  is  shown  in  figure  2.  A strip  of 

rough  paper  was  placed  close  to  the  leading  edge  to  trip  the  boundary  layer  giving  a well  developed 
turbulent  boundary  layer  over  the  region  under  investigation.  The  plate  had  at  short  Intervals  pressure 
I tappings  on  and  either  side  of  the  centre  line  in  the  region  of  separation, 


The  support  traversing  gear,  was  magnetically  attached  to  the  plate,  and  held  the  Preston  tube  or 
the  hot-wire  probes.  It  was  designed  to  be  able  to  make  measurements  within  the  boundary  layer  at  apy 
position.  Experiments  showed  the  support  column  had  no  interference  effects  on  the  probe  upstream.  For 
measurements  close  to  separation  the  traversing  equipment  was  mounted  behind  the  inclined  spoiler  and  the 
9'/‘obe  held  on  a telescopic  support  arm,  protruded  into  the  flow  through  the  centre  slot.  This  was 
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Ideally  suited  to  have  minimal  flow  obstruction  effects  in  a sensitive  region,  where  premature  separation 
could  be  Induced. 


4.  MEASUREMENT  1CTH0DS 


In  the  experiments  hot-wire  anemometers  were  used  for  Instantaneous  velocity  measurements  within 
the  boundary  layer.  Pressure  from  the  Preston  tube  and  static  pressure  tappings  In  the  model  surface 
were  measured  by  pressure  transducers. 


As  the  flow  varied  as  a function  of  time,  instantaneous  measurements  were  needed  to  gain  a conplete 
knowledge  of  changes  in  the  boundary  layer  flow  during  one  period  of  oscillation  of  the  freestream.  A 
digital  electronic  triggering  device  was  designed  and  constructed  at  Queen  Mary  College,  to  produce  a 
trigger  signal  for  the  reading  instruments.  The  digital  unit  required  an  input  reference  signal  of  the 
forcing  frequency.  This  was  obtained  from  a hot-wire  placed  in  the  freestream  at  the  edge  of  the 
boundary  layer  which  responded  to  the  harmonic  oscillations  of  the  flow.  The  D.C.  component  of  the 
signal  was  eliminated  and  the  triggering  unit  processed  the  signal  to  give  trigger  impulses  at  specified 
time  instances  derived  from  the  input  frequency.  The  output  from  the  unit  was  fed  into  a voltmeter; 
the  trigger  signal  instructing  the  voltmeter  to  read  the  input  signal  applied  to  it.  The  input  signal 
i.e.  the  measured  signal,  was  either  obtained  from  a second  hot-wire  or  the  pressure  transducer.  The 
digital  data  was  automatically  fed  into  and  stored  In  a Hewlett  Packard  9821A  calculator.  Knowing  the 
time  when  the  san^ile  was  recorded  relative  to  a reference  signal  analysis  of  the  signals  was  determined 
by  simple  fourier  analysis.  Calculations  of  the  mean  and  amplitude  of  the  signal  and  the  phase 
difference  between  the  reference  and  measured  signals  were  determined  from  an  average  of  320  individual 
sample  readings. 

Calculation  of  the  longitudinal  turbulence  intensity  component  of  velocity  / u'  * inside  the 
boundary  layer  presented  a special  problem.  The  hot-wire  signal  output  was  composed  of  the  fluctuations 
due  to  the  forced  oscillations  and  the  freestream  turbulence.  Amplitude  measurements  of  the  unfiltered 
signal  gave  the  total  amplitude  of  the  signal  (a^Q^gl).  An  electronic  filter  with  a frequency  setting  of 

5%  and  attenuation  Insertion  loss  of  3DB  at  the  cutoff  frequency  and  36DB/octave  after  cutoff  was  used 
to  eliminate  from  the  signal  all  turbulent  fluctuations  above  the  forcing  frequency  and  measure  the 
resultant  amplitude  of  the  oscillating  components  only  (a^j^^l).  This  was  possible  because  a negligible 

amount  of  turbulent  spectra  occurs  in  the  0 to  6 Hz  range.  From  these  two  measurements  the  amplitude  of 
the  signal  due  to  turbulent  fluctuations  was  determined  from  the  equation 


turb. 


total 


osc. 


(^) 


Calibration  of  the  constant  temperature  hot-wire  was  carried  out  in  the  tunnel  and  followed 
conventional  static  methods.  In  oscillating  flows  the  signal  response  of  the  various  measuring  devices 
from  the  flow  input  is  critical. 

Static  calibration  was  made  of  the  pressure  transducers  to  determine  whether  the  response  time  of 
the  input  pressures  from  the  flow  was  fast  enough  for  the  range  of  frequencies  considered  in  these 
experiments.  The  main  parameters  in  determining  the  response  was  the  volume  of  air  between  the  point  of 
measurement  and  the  transducer  diaphragm  and  the  inlet  hole  diameter.  Pressure  differences  measured  by 
the  transducer  had  to  be  arranged  to  have  identical  tube  connections  on  either  side,  thus  ensuring  that 
Inputs  to  the  transducer  had  the  identical  response  times.  This  was  particularly  important  for 
measurements  made  with  the  Preston  tube.  An  outside  diameter  of  1.0  mn  was  used,  with  an  approximate 
internal  to  external  radius  of  0.6.  The  inside  hole  diameter  of  pressure  transducer  and  static  pressure 
tapping  were  identical. 


5.  MEASUREMENT  AND  RESULTS 
5.1  Flow  Visualisation 

The  two  dimensionality  of  the  flow  was  initially  investigated  by  flow  visualisation  techniques. 

This  Indicated  that  there  was  an  acceptable  degree  of  flow  uniformity  over  the  central  region  of  the  plate. 

Flow  visualisation  was  used  to  determine  the  approximate  position  of  steady  flow  separation.  The 
method  adopted  was  to  paint  a special  mixture  on  the  surface  of  the  plate.  Whilst  the  tunnel  was  running 

amnonla  vapour  was  introduced  into  the  wake.  The  mixture  and  annonia  would  chemically  react  when  they 
came  Into  contact  causing  a change  In  the  colour  of  the  mixture  from  yellow  to  purple.  As  aamonla  was 
sucked  forward  by  the  recirculating  wake,  a line  could  be  seen  where  the  separation  point  occurred.  When 
these  tests  were  repeated  for  oscillatory  flow,  it  was  found  that  the  fairly  straight  line  produced  with 
steady  flow  became  streaked.  These  streaks  of  purple  reached  further  upstream  than  the  line  of  steady 
separati on. 


5.2  Static  Pressure  Measurements 


Preliminary  measurements  made  of  the  spanwise  pressure  distribution  confirmed  the  two  dimensionality 
over  the  centre  region  of  the  plate.  The  longitudinal  pressure  distribution  was  obtained  from  static 
pressure  tappings  over  the  plate  surface,  between  0.55  and  1.B3  metres  from  the  leading  edge.  The 
majority  of  the  readings  were  obtained  close  to  the  spoiler.  The  mean  pressure  coefficient  Cp 
distribution  along  the  plate  surface  for  steady  and  oscillating  flow,  for  each  frequency  tested,  were 
obtained  and  plotted  in  figure  3.  The  variation  between  stea^  and  oscillating  flow  was  too  small  to 
Include  all  the  points  for  each  measuring  position.  The  vertical  line  Indicates  the  maximum  variation 
from  2 to  6 Hz.  The  variation  due  to  the  oscillating  freestream  is  consistent  along  the  distribution 
except  for  the  region  close  to  the  spoiler,  where  the  variation  is  slightly  reduced.  The  distribution 
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of  the  mean  pressure  coefficient  In  figure  3 shows  a slight  Initial  favourable  pressure  gradient,  due  to 
the  leading  edge  section  of  the  model  lying  within  the  throat  of  the  tunnel.  From  x ■ 0.8  metres  from 
the  leading  edge  the  pressure  continually  Increased  until  about  1.7  metres,  after  which  the  pressure 
remains  almost  constant. 

To  determine  the  magnitude  of  the  oscillations  In  static  pressures  Induced  by  the  freestream 
oscillations,  measurements  of  the  root  mean  square  of  static  pressure  (P.)  were  made.  From  these  results 
the  non-dimensional  root  mean  square  of  static  pressure  amplitude  was  obtained,  where  this  Is  defined  by 

% ■ P.  /iPV  (5) 

r.ra.s. 

Figure  4 shows  the  distribution  of  the  root  mean  square  of  static  pressure  anplltude  ratio  for 
steady  and  oscillating  flow.  The  steady  flow  results  show  a marginal  rise  along  the  surface.  The 
oscillating  results  have  much  larger  values,  as  would  be  expected.  The  amplitude  Increases  with 
frequency  up  to  5 Hz  until  at  6 Hz  there  Is  a slight  reduction.  This  was  due  to  a tunnel  characteristic, 
dependent  upon  the  vertical  height  of  the  exit  throat,  where  the  peak  oscillation  occurs  about  5 Hz, 
rather  than  the  response  of  the  fluctuations  In  the  freestream  oscillations  to  an  adverse  pressure 
gradient.  In  the  oscillating  situation  the  distribution  along  the  plate  Indicates  slightly  different 
patterns.  At  2 and  3 Hz  Pg  reduces  Initially  and  then  Increases.  The  higher  frequencies  show  a general 
Increased  Pg  along  the  plate  up  to  the  spoiler.  A similar  type  of  distribution  of  amplitude  is  shown 
later  for  skin  friction  and  freestream  velocity  at  the  edge  of  the  boundary  layer. 

5.3  Skin  friction  results  (Preston  tube) 

As  stated  previously  the  skin  friction  measurements  over  the  model  were  obtained  from  a Prestoi. 
tube.  V.C.  PatelslS  (1965)  calibration  was  used  to  determine  the  wall  shearing  stress  from  the 
difference  In  pressures  between  pitot  tube  and  wall  static  pressure.  The  Preston  tube  diameter  d was 
chosen  so  that  u^  d/u  was  less  than  50,  where  u^  is  the  friction  velocity  {t^p)5.  The  centre  of  tube 

was  within  or  close  to  the  lower  boundary  of  the  "log  law"  region,  provided  the  boundary  exhibited  this 
type  of  profile.  Measurements  of  the  mean  skin  friction  were  made  from  x • 1.19  metres  up  and  beyond 
the  steady  flow  separation  point  for  each  oscillating  frequency  and  steady  flow.  A graph  of  these  mean 
skin  friction  coefficient  was  plotted  (figure  5),  to  compare  the  mean  steady  results,  and  the  calculation 
method  of  Bradshaw  et  al20  (1967).  Satisfactory  agreement  was  achieved.  The  mean  oscillating  skin 
friction  results  show  very  little  difference  with  varying  oscillation  frequency  and  follow  the  same  type 
of  distribution  as  those  of  the  steady  flow.  Steady  flow  results  Indicate  that  flow  separation  occurs 
at  1.72  metres  from  the  leading  edge.  A set  of  results  for  the  Instantaneous  skin  friction  were  also 
obtained.  A specimen  example  of  the  type  of  distribution  Is  shown  In  figure  6 for  the  5 Hz  frequency, 
the  eight  Instantaneous  readings  during  one  cycle  are  plotted  for  each  measuring  position  up  to  and 
beyond  the  steady  separation  point.  The  variations  in  the  wall  shear  stress  were  found  to  oscillate  at 
the  fundamental  forcing  frequency.  The  phase  difference  along  the  surface  between  measuring  positions 
has  been  removed.  As  the  separation  point  for  steady  flow  was  approached  from  upstream  the  mean  of  the 
oscillating  wall  shear  stress  reduced.  At  some  point,  depending  on  the  amplitude  of  oscillation  of  the 
freestream  at  the  edge  of  the  boundary  layer,  the  wall  shear  stress  became  negative  for  part  of  the  cycle. 
For  the  5 Hz  frequency  results,  this  initially  occurred  at  1.62  metres  from  the  leading  edge.  This 
negative  portion  of  the  cycle  Increases  as  the  separation  point  is  approached.  At  the  mean  steady  flow 
separation  point  the  oscillating  flow  exhtbits  positive  and  negative  wall  shear  stress  on  the  surface 
during  one  cycle.  The  oscillations  In  positive  and  negative  wall  shear  stress  are  also  observed  In  the 
oscillating  flow  behind  the  steady  flow  separation  point. 

In  figure  5 the  mean  of  the  oscillating  skin  friction  Is  plotted,  but  close  to  steady  separation 
readings  are  absent  because  the  sampling  system  was  recording  negative  pressures  referring  to  a negative 
wall  shear  stress.  The  readings  of  the  Preston  tube  were  Invalid  In  this  region,  hence  it  was  Impossible 
to  obtain  mean  averaged  results. 

For  the  five  frequencies  tested  the  anplltude  of  the  oscillations  In  wall  shear  stress  (t»|  ) were 
plotted  (figure  7).  The  2 Hz  flap  oscillation,  the  amplitude  has  a continual  decline  up  to  and 
beyond  the  mean  separation  point.  The  3,  4,  5 and  6 Hz  have  a gradual  decline  until  about  1.43  metres 
from  the  leading  edge,  then  an  Increase  to  the  onset  of  zero  wall  shear  stress.  The  arrows  denote  the 
onset  of  negative  zero  wall  shear  stress  during  part  of  an  oscillation. 

The  amplitude  of  the  oscillations  In  skin  friction  are  directly  related  to  the  oscillations  In 
freestream  velocity.  The  largest  oscillations  In  freestream  velocity  were  expected  to  have  the  maximum 
effect  on  skin  friction. 


5.4  Boundary  Layer  Velocity  Profile 

Measurements  of  the  mean  velocity,  anplltude  of  the  velocity  fluctuations  and  the  phase  angle 
difference  between  the  boundary  layer  and  freestream  oscillations  were  made. 

The  mean  velocity  distribution  showed  little  variation  with  frequency  and  minimal  changes  were 
observed  when  results  were  compared  with  the  measurements  obtained  from  steady  flow.  A representative 
distribution  of  the  velocity  profiles  measured  at  various  points  along  the  plate  Is  plotted  In  figure  8. 
the  graph  shows  the  development  of  a typical  turbulent  boundary  layer  velocity  profile  In  an  adverse 
pressure  gradient  approaching  separation.  It  was  concluded  that  the  mean  results  are  unaffected  by 
freestream  oscillation,  this  aorees  with  the  experimental  work  of  M.H.  Patel'*  (1976),  Schachenmann  and 
Rockwell'3  (1976)  and  Karlsson'3  (1959)  all  of  whom  used  a range  of  freestream  anplltudes  of  oscillation 
corresponding  to  those  used  here  but  with  higher  frequencies  of  oscillation. 
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The  mean  momentum  thickness  (6)  and  shape  parameter  (H)  were  determined  from  each  mean  velocity 
profile  for  steady  and  oscillatory  flow.  The  momentum  thickness  variation  with  distance  from  the 
leading  edge  Is  plotted  In  figure  9,  this  shows  a little  scatter  between  the  results,  due  mainly  to  the 
slight  errors  In  velocity  measurements.  The  graph  shows  the  development  of  the  momentum  thickness,  with 
a rapid  rise  close  to  separation.  A similar  graph  showing  the  distribution  of  the  shape  parameter  Is 
plotted  In  figure  10.  These  results  compare  favourably  with  the  Preston  tube  measurements  which  also 
Indicated  the  freestream  oscillation  had  a negligible  effect  on  the  turbulent  boundary  layer  before  the 
steady  flow  separation  point  under  the  frequencies  and  anplltudes  tested.  No  thickening  of  the  boundary 
layer  was  observed  In  the  region  of  oscillating  zero  wall  shear  stress  ahead  of  the  steady  flow  separation. 

The  root  mean  square  of  the  velocity  amplitude  at  the  edge  of  the  boundary  layer  non-dimenslonallsed 
by  the  local  mean  freestream  velocity  (Ui  /U,)  Is  plotted  In  figure  11  for  each  frequency  against 

I*  • in*  s • 

distance  from  the  leading  edge.  The  results  show  an  Increase  In  amplitude  with  frequency  up  to  5 Hz  and 
a decline  In  the  6 Hz  reading.  A continual  rise  along  the  plate  of  the  amplitude  was  observed.  The 

4 to  6 Hz  frequency  readings  are  of  a higher  amplitude  and  may  explain  the  differences  which  occur  In 
some  of  the  distributions  In  phase  lag  and  velocity  amplitude  ratios  In  the  boundary  layer  compared  with 
those  at  2 and  3 Hz. 

The  anplltude  of  velocity  measurements  were  made  Inside  the  boundary  layer.  The  amplitude  ratio 

(Ug/U,  ) plotted  against  non-dimensional  perpendicular  distance  from  the  surface  (y/5)  Is  shown  In 

figure  12.  The  general  distribution  shown  for  the  specimen  frequency  of  5 Hz  Indicates  the  peak  amplitude 
to  always  occur  approximately  half  way  through  the  boundary  layer  (y/£  ■■  0.5).  For  5 Hz  distributions 
close  to  separation  the  peak  falls  below  the  freestream  amplitude  ratio  of  1.0.  The  distribution 
measured  In  the  earlier  part  of  the  adverse  pressure  gradient  experiences  a sharp  Increase  In  amplitude 
ratio  close  to  the  wall.  The  anplltude  ratio  profiles  measured  further  Into  the  adverse  pressure 
gradient  have  a sharp  Increase  close  to  the  wall,  but  the  rise  finishes  at  a lower  amplitude  ratio  before 
following  the  more  gradual  profile.  Close  to  separation  profiles  no  longer  experience  any  sharp  rise  at 
the  wall.  This  type  of  distribution  appears  to  be  directly  related  to  the  mean  velocity  profile 

distribution.  Sharp  Increase  In  velocity  close  to  the  wall,  large  3U/3y,  which  occur  In  the  early  part 

of  the  adverse  pressure  gradient,  cause  large  changes  In  amplitude  ratio.  At  separation  the  velocity 
profile  has  an  almost  linear  distribution  of  velocity  with  distance  from  the  surface.  Thus  no  sharp 
Increase  In  anplltude  ratio  would  be  anticipated  (figure  12).  Similar  type  of  patterns  occur  In  the 
longitudinal  turbulence  Intensity  distributions,  which  no  longer  exhibit  such  a sharp  rise  In  turbulence 
close  to  the  wall  near  separation. 


The  reason  for  the  dip  In  the  amplitude  ratio  profiles  In  the  outer  region  of  the  boundary  layer 
observed  In  the  measurements  close  to  separation  Is  not  known. 

A graph  of  the  peak  amplitude  ratio  obtained  for  all  frequencies  Is  shown  In  figure  13.  The  2 
and  3 Hz  peaks  show  a continual  rise  In  amplitude  ratio  up  to  spoiler,  whereas  for  the  higher  frequencies 
there  Is  a fairly  constant  peak  value  up  to  about  1.35  metres  and  then  the  peak  anplltude  values  decline. 

A11  the  Individual  amplitude  profiles  at  each  frequency  follow  the  similar  distributions  to  the  specimen 
example  shown  In  figure  12.  The  change  In  the  peak  amplitude  distribution  between  2 to  3 Hz  and  4 to  6 Hz 
was  thought  to  be  due  to  the  difference  In  freestream  amplitudes  of  oscillation  as  mentioned  earlier. 

Phase  angle  distributions  between  the  outer  edge  of  the  boundary  layer  and  any  point  Inside  the 
boundary  layer  are  shown  In  figure  14  for  every  measuring  position  at  the  5 Hz  frequency.  The  sharpest 
rise  In  phase  lag  Is  experienced  In  the  "outer  regloif  of  the  boundary  layer  velocity  profile.  In  the 
Inner  region  the  gradient  Is  gradual  until  the  wall,  then  close  to  the  sublayer  a sharp  rise  occurs  In  the 
phase  lag,  followed  by  a reduction.  This  rise  Increased  as  measurements  were  taken  further  downstream 
from  the  leading  edge  where  the  adverse  pressure  gradient  Is  larger.  Accuracy  of  the  measurements  of 
phase  was  not  affected  by  heat  loss  effects  on  the  hot-wire  close  to  the  wall.  Determining  variation  of 
the  phase  through  the  viscous  sub  layer  was  not  possible  due  to  the  layer  being  too  thin  for  an  extensive 
Investigation.  A graph  of  the  peak  phase  lag  Immediately  adjacent  to  the  wall  was  plotted  for  each 
frequency  tested  In  figure  15.  Every  frequency  follows  a very  similar  distribution  of  maximum  phase  lag. 
The  lag  Increases  with  Increase  In  distance  from  the  leading  edge. 

The  phase  lag  through  the  boundary  layer  Is  mainly  due  to  the  pressure  gradient  In  the  freestream 
which  Is  obtained  from  two  sources;  the  travelling  wave  type  of  flow  experienced  In  the  freestream  and 
the  adverse  pressure  gradient.  The  Bernoullll  equation  for  time  dependent  flow  Is  given  by 
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McCroskey  (1977)  has  Indicated  that  in  an  adverse  pressure  gradient  the  effect  of  U,^3U,  /x 

in  equation  6>  if  it  is  dominant  over  the  other  parameters,  will  induce  a lag  of  the  boundary  layer 
response  behind  the  quasi-steady  behaviour. 

The  phase  lags  measured  during  these  e^eriments  are  larger  than  those  obtained  by  M.H.  Patel (1976) 
who  carried  out  experiments  under  similar  conditions  on  a turbulent  boundary  without  pressure  gradients 
and  a higher  travelling  wave  velocity. 

During  the  profile  measurements  special  attention  was  made  to  the  velocity  anplitude  of  the 
double  frequency  response  of  the  hot-wire  signal  in  tt>e  region  where  the  skin  friction  was  known  to 
oscillate  between  positive  and  negative  values.  The  hot-wire  would  respond  to  positive  and  negative 
flow  but  the  output  signal  would  only  behave  as  though  the  flow  was  positive.  Hence  the  output  signal 
of  oscillating  forward  and  reverse  flow  would  be  at  twice  the  frequency  of  the  fundamental  forcing 
frequency.  These  readings  were  made  close  to  the  surface  to  give  the  approximate  thickness  of  the 
oscillating  reversed  region.  These  results  indicated  the  region  to  be  thin  compared  with  the  boundary 
layer  thickness.  The  conclusions  drawn  from  these  results  are  that  there  is  a thin  oscillating  layer 
close  to  the  surface.  There  is  reversed  flow  in  this  region  for  part  of  the  oscillatory  freestream 
flow  cycle,  without  the  boundary  layer  breaking  away  from  the  surface.  The  approximate  size  and  shape 
of  the  region  of  oscillating  positive  and  negative  flow  close  to  the  wall  for  5 Hz  frequency  was  measured 
and  is  shown  in  a schematic  diagram  in  figure  16. 


5.5  Turbulence  Intensity 

The  longitudinal  turbulence  intensity  was  measured  for  both  steady  and  oscillating  flows  along  the 
surface  of  the  model.  Readings  were  taken  into  the  outer  region  of  the  viscous  sub-layer  where  the 
turbulence  levels  began  to  drop  significantly.  The  maximum  turbulence  intensity  near  separation  was 
approximately  13*.  Variation  with  frequency  in  the  early  part  of  the  adverse  pressure  gradient  up  to 
X • 1.59  was  negligible. 

In  this  part  of  the  flow  there  appears  to  be  no  interaction  between  the  turbulent  eddies  and 
freestream  oscillations.  Near  separation  the  turbulence  intensity  variation  begins  to  grow  very  slightly, 
it  appears  that  there  may  be  some  interaction  with  the  wake,  which  affects  the  turbulence  levels  upstream 
of  this  region.  Figures  17  and  18  show  the  distribution  of  longitudinal  turbulence  /Q' VU,  for 
oscillating  flow  at  5 Hz  and  steady  flow  respectively. 


6.  CONCLUSION 


The  separation  of  a turbulent  boundary  layer  has  been  subjected  to  periodic  oscillations  of  the 
mean  freestream  over  a range  of  frequencies  and  amplitudes.  The  conclusions  of  the  main  results  are: 

The  mean  separation  in  steady  flow  is  affected  by  the  oscillating  freestream.  Periodic  forward 
and  reversed  flow  occurs  ahead  of  the  point  of  steady  separation,  this  only  occurs  in  a very  thin  layer. 
It  has  been  noted  that  it  does  not  have  a dramatic  effect  on  the  boundary  layer.  This  was  confirmed  by 
the  fact  that  the  mean  velocity  profiles,  skin  friction,  momentum  thickness,  shape  parameter,  coefficient 
of  pressure  and  turbulence  Intensities  were  not  affected. 

The  anplitude  of  velocity  fluctuations  within  the  boundary  layer  can  exceed  the  boundary  layer 
edge  conditions.  At  the  lower  freestream  amplitudes  there  is  a very  large  maximum  amplitude  ratio  close 
to  separation. 


The  phase  difference  of  the  velocity  oscillations  in  the  boundary  layer  continually  lags  behind 
the  freestream  oscillation.  The  phase  lag  increases  with  downstream  movement.  The  phase  lags  in  the 
adverse  pressure  gradient  are  much  larger  than  experimental  results  of  N.H.  Patel  (1976)  with  a turbulent 
boundary  layer  without  a pressure  gradient. 
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LE  DECROCHAGE  OYNAMIQUE  : UN  EXEMPLE  D'INTERACTION  FORTE 
ENTRE  ECOULEMENTS  VISQUEUX  ET  NON-VISQUEUX 
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Ca  m^moire  fait  le  point  sur  les  pMnomenes  li^s  aux  profils  en  configuration  de  dterochage  dynamique  et 
plus  spteialament  sur  ceux  Ii6s  aux  profils  oscillants  en  tangage.  Les  r^uliats  exp^rimentaux  (es  plus  caract^risti- 
ques  sur  les  dteollements  h caractere  tourbillonnaire  et  leurs  repercussions  au  niveau  des  pressions  locales  et  forces 
globales  sont  analyses.  Quelques  aspects  des  methodes  de  prevision  des  ecoulements  en  preser>ce  lou  non)  de 
decollement  de  la  couche  limite  sont  examir>es,  ainsi  que  les  principales  methodes  simplifiees  disponibles  d ce  jour 
pour  le  calcul  des  forces  globales  darts  de  telles  configurations. 


DYNAMIC  STALL  : AN  EXAMPLE  OF  STRONG  INTERACTION 
BETWEEN  VISCOUS  AND  INVISCID  FLOWS 

This  paper  surveys  the  phenomena  corKerning  profiles  in  dynamic  stall  configuration,  and  more  spe- 
cially those  related  to  pitch  oscillations.  The  most  characteristic  experimental  results  on  flow  separations 
with  a vortex  character,  and  their  repercuuions  on  local  pressures  and  total  forces  are  analyzed.  Some 
aspects  of  she  methods  for  predicting  flows  with  the  presence  (or  rrot)  of  bourKfary  layer  separation  are 
examined,  as  well  as  the  main  simplified  methods  available  to  date  for  the  calculation  of  total  forces  in 
such  configurations. 


1 - IHTROBDCTION 

L«  ten*  "d^crochagta  dynanique"  regroupe  uji 
ensrabla  de  pbdnoabnes  adrodynaalques  qui  se 
produlaent  loraqu'un  profll,  un  dldment  de  pale, 
une  alle  ou  un  apparell  ae  trouve  aouala  b 
dea  condltiona  adrodynaaiquea  varlablea  dana 
le  teapa,  ae  tradulaant  par  dea  chutea  de 
portance  ou  dee  accrolaeeaenta  brutaux  de  aoaent 
de  tangage  caractdrlatlquea  dea  conflgurationa 
de  ddcTocbage. 


Far  exemple,  dana  oartainea  conflgurationa  de  vol 
d'un  hdllooptbre,  lea  palaa  du  rotor  peuvent  8tre 
aoumlaea  pdriodlquaaent  & dea  oondltlona  de  ddoro- 
ohaga  et  de  recollement  dynamique.  effet,  les 
Inoldanoea  sur  la  pale  raoulante  du  rotor  peuvent 
dtro  bian  aupdrlauraa  auz  anglaa  de  dioroohage 
atatlonnalra  das  profile  tandla  qua  laa  Inoldenoea 
sont  falblas  en  pale  avanqanta. 

Pour  lllustrar  laa  princlpaux  phdnoabnes  llda  k 
una  variation  d' Incidence  d'un  profll  autour  de 
son  Incidence  de  ddcrochaga,  la  figure  1 tlrde  de 
la  rdfdranca  1 aontra  qua,  par  rapport  aux 
caraotdrlstlquaa  adrodynamlques  statlonnairea,  le 
profll  paut  t 

- attaindra  das  portances  blen  supdrieurea  k cellea 
obtenuaa  an  dcoulamant  atatlonnalra,  tout  en 
dtant  la  alkge  da  ddcollamants  Importants  k 
caraotkre  tourbillonnaire  organise,  visualises 
Icl  par  1* emission  de  funeas  en  differents 
points  du  profll. 


- presenter,  pendant  la  phase  critique  oU  le 
profll  est  sounls  k des  decollements,  des 
moments  de  tangage  de  trks  fortes  intensites 
(decrochage  en  moment  precedent  le  decrochage 
en  portance), 

- etre  soumls  k des  forces  aerodynamlquea 
telles  que  le  travail  de  ces  forces  devenu 
positlf,  tends  k rendre  instable  le 
mouvemant  d! incidence. 

Dans  ce  qul  suit,  on  analysers  les  divers 
aspects  de  ce  phenomkne  et  on  fera  le  point 
das  connaissaocss  sur  : 

- les  dcoulements  visqueux  Instatlonnalres  avec 
ddcollement  et  recollemeot  sur  un  profll  en 
mouvement  cyclique, 

- les  consdquences  de  tela  dcoulements  sur  les 
pressions  localss  et  les  efforts  adrodyna- 
nlques  globaizx  Instatlonnalres, 

- lea  mdthodea  de  calculs  des  dcoulements 
autour  des  profils,  pouvant  s'appllquer  k 
das  configurations  de  ddcrochage  dynamique, 

- les  mdthodes  pratiques  que  peuvent  employer 
les  industriels  pour  dvaluer  lea  performances 
adrodynamlques  dans  de  telles  conditions. 

Pour  la  rddactlon  de  ce  document,  1 'auteur  a 
dtd  beaucoup  aldd  par  V.J,  HcCSOSKET  et  son 
dqulpe  de  I'USAAMHDL  d'Ames  grtce  aux  travaux 
effectuds  en  common  concemant  le  ddcrochage 
dynamique  et  aux  publications  de  synthkse  sur 
ce  sujet  (rdf.  1 et  2).  Qu'lls  en  sclent  icl 
remercida. 
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a = 15” +10°  Sin  ojt 


k=^=OI5 

cUqd 


Re  = 2 5x10'’ 


Lea  visualisations  des  dooulements  autour  des 
prof 11s  permettent  d* analyser  le  type  et  la 
struotm'e  des  dooulements  dont  dependent  les 
caractdristlquas  adrodynamlques  des  proflls. 
L'ONEBA  poss&de  un  tunnel  hydrodynamique,  qul 
s'est  averd  un  moyen  d' Investigation  trds  utile 
pour  les  dtudes  d'adrodynamlque  Instatlonnaire 
(ref.  3). 


BEGIN 

MOMENT 

STALL 


La  figure  2 concerne  le  prof 11  NACA  0012  en 
oscillations  harmonlques  de  tangage  de  part  et 
d'autre  de  I'lncldence  de  ddcrochage  statlon- 
nalre.  Lorsque  V incidence  croft  on  peut 
ddpasser  largeoent  cette  Incidence  sans  voir 
apparaltre  de  ddcollement  notable  sur  le  prof 11 
(photo  2a).  II  arrive  cependant  un  moment  du 
cycle  ou  des  decollements  Importanta  se 
produlsent  ; ceux-cl  presentent  un  caractdre 
tourbillonnalre  marqud.  Comme  on  peut  le  voir 
sur  la  figure  2b  un  tourbillon  formd  au  volsi- 
nage  du  bord  d'attaque  se  ddplace  vers  le  bord 
de  fuite  du  prof 11. 


DECREASING 

INCIDENCE 


MOMENT 


10  15 

INCIDENCE,  a.  deg 


Fig.  2 — Oscillations  harmoniquas  da  tangaga. 

a = 12.5”  + 5“  sin  ut ; k = 0J9S  ; Ra^  = 6000 
Visualisations  faitas  au  tunnal  hydrodynamiqua  da  FONERA. 


Fig.  1 - Exampla  tfivolution  das  forcas  at  momants  da  tangaga  an  station- 
naira  at  an  instationrtaira. 


ANALTSE  DES  CARACTERES  PBINCIPAUX  DU 
DECROCHAOE  DYNAMIQUE 

- Le  caractAre  tourbillonnalre  des  dcoule- 
ments  ddcolles. 


La  figure  3 concerne  le  m8me  profll  cald  A une 
incidence  gdomdtrlque  fixe  proche  de  celle  du 
ddcrochage  stationnaire,  mais  en  oscillations 
harmonlques  de  pllonnement  (translations 
vertlcales  du  profll).  La  phase  de  montde  du 
profll  retarde  1 'apparition  du  d4crochage  sur  le 
profll,  comme  dans  la  phase  d' Incidence  crois- 
sante  du  profll  oscillant  en  tangage  (photo 
3a).  Lorsque  les  ddcollements  apparaissent  sur 
le  profll,  11s  prdsentent  dgalement  un  caractAre 
tourbillonnalre.  On  observe  alors,  A partlr  d'un 
point  proche  du  bord  d'attaque,  la  formation 
puls  le  ddplacement  vers  I'aval  d'un  tourbillon 
(photo  3b). 


Fig.  3 — Oscillations  harmoniques  de  pilonnement 

a = >2,5°  ; At  = 0^5  c sin  ut ; k - 0.95  ; Rsg  = 6000 
Visualisations  effactu6as  au  tunnel  hydrodynamiqua  de  I'ONERA. 


La  figure  4 conceme  tou jours  le  mSine  profil 
cal4  & une  Incidence  geom^trique  fixe,  male  il 
est  anlm4  d'un  mouTenent  harmonlque  de  tamls 
(translations  horlzontales  du  profil).  Les  visua- 
lisations r^v^lent  que  la  zone  d4coll4e  sur 
I'extrados  du  profil  qui  avance  est  le  si&ge  d'une 
foraation  continue  de  tourbillons  entraln4s  par 
le  courant  (photo  4a),  tandls  que  dans  le  cas 
du  profil  reculant  (photo  4b)  le  caracthre 
tourbilloncalre  est  plus  diffus. 


Fig  4 - OsciUationt  harmoniquet  de  tamis. 

a 12,^  ; Ax  ” 1,5  e tin  ut ; k ^ 0, 1075  ; Re^  =«  6000 
Visutlitationt  effectuies  au  tunnel  hydrodynamique  de  FONERA. 

Ces  visualisations  dans  I'eau  concement  des 
nonbres  de  Reynolds( rapportds  h la  corde ) 
faibles  de  I'ordre  de  6000.  L'OSAiXRDL  a'ines 
dispose  d'un  tunnel  hydrodynaalque  qui  pemet 
des  dtudes  Jusqu'h  des  noabres  de  Rejmolds  de 
I'ordre  de  0,$  z 10°  (rdf.  4).  Les  visualisa- 
tions aont  assurdes  par  bulles  d'hydrogbt>e 
produites  par  Electrolyse  suivant  une  technique 
dEvelopnde  par  K.W.  McAlister  de  I'US  Aray 


Fig.  5 — Visualisations  par  oulles  tFhydrogirte  (USAAMRDL  Ames) 
NACA  0012  modifU  otcillant  en  tangage. 

0-1^  + 1(f  sin  uit  ; photos  prises  k a - a MAX. 

Les  visualisations  effectudes  dans  I'air  par 
I'daisslon  de  fuades  h partlr  de  dlffdrents 
points  d'un  profil  (fig.  l)  sont  aussl  trds 
Intdressantes  en  dcouleaent  subsonique.  Lors 
d'une  dtude  trds  ddtaillde  du  ddcrochage  dyna- 
mique,  I'USAAMRSL  d'Aaea  a constrult  un  profil 
NACA  0012  de  1 ,20  a de  corde  pour  sa  soufflerle 
7 X 10  ft  (rdf.  6 et  7).  Les  sssais  ont  convert 
des  noabres  de  Reynolds  de  1 A 3,5  z t0°  pour 
le  NACA  0012  et  des  profile  derivds  obtenus  en 
changeant  la  forae  du  bord  d'attaque. 

Un  flla  qui  sera  prdsentd  au  cours  de  ce 
symposiua  montre  ; 

- un  ddcrochage  dynaalque  de  bord  d'attaque  de 
type  "dclateaent  du  bulbe  laalnaire  de  bord 
d'attaque",  lorsque  le  rayon  du  bord  d'attaque 
du  profil  NACA  0012  est  rdduit  A u»  valeur 

de  0,4  It  au  lieu  de  1,58  classiqua, 

- \in  ddcrochage  dynaaique  de  herd  de  fulte  de 
type  "reaontde  progressive  des  ddcolleaents 

de  bord  de  fuite  vers  le  bord  d'attaqueT  lorsque 
le  NACA  0012  est  dquipd  d'une  extension  caabrde 
ddflnle  par'l'OHERA, 

- un  ddcrochage  dynaalque  coi^laze  pour  le  lACA 
0012  de  rdfdrence,  puisqu'il  s'agit  d'un 
ddcrochage  turbulent  brutal  de  bord  d'attaque 
aals  prdcddd  par  une  reaontde  non  ndgligeable 
de  ddcolleaents  de  bord  de  fulte. 

On  reviendra  en  ddtall  sur  ces  diffdrenta  types 
de  ddcrochage  dynaalque  lore  du  paragraphe 
suivant  aals  11  est  A noter  que  dans  chacun 
des  cas,  on  a la  prdsence,  dsns  )a  phase  criti- 
que de  ddcolleaent  gdndrallsd,  de  touAllloas 
plus  ou  aolns  organlsda  et  coaplexee  coaae  le 
aontre  les  photos  da  la  figure  6. 
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Evohtion  dts  tHcothrrmnts  i canctire  tourbiitonnaira  sur  profii 
oacillant. 

a)  ^ACA  0012  k rayon  da  bord  tfattagua  rdrkrit ; 

b)  NACA  0012  4 axtanaion  cambr^  ; 

Rac  « Z5  X rO®  ; a = /5®  + sin  ujt ; k ^ 0,15  ; 

aasais  UHAAMRDL  Anm. 


Evolution  das  d4collamants  turbulants  sur  profit  NACA  0012  i 
axtansion  cambr^a. 

M==0.2;  k = 0.114  ; Rtc  = 


2.2,-  hea  d<collsa«nt8  instationnalres  de  la 
coucha  llBlte  turbulente. 


le  NACA  0012  volt  d'abord  un  ddcollement 
de  bord  de  fulte  remonter  vers  le  bord 
d'attaque,  pule  un  ddcollement  brutal  se 
ddclencher  du  bord  d'attaque  avant  que  ceuz 
du  bord  de  fulte  n'alent  attelnt  le  bord 
d'attaque,  que  la  transition  aolt  ou  non 
ddclenchde. 


Lee  films  ohauds  aont  de  bona  ddteoteurs  de  flux 
de  chaleur.  Le  flux  oonveotd  ddpend  dtroltement  de 
I'etat  lamlnslre,  turbulent  ou  ddoolld  de  la  oouche 
limits  au  droit  du  film  chaud  (rdf.  8). 

C'est  alnsl,  figure  7,  que  lore  d'eaaais 
A la  soufflerle  S10  du  CGA  de  Toulouse  on  a als 
en  dvldence  une  rsaontde  progressive  des  ddcol- 
lements  turbulents  nalasant  au  bord  de  fulte  sur 
le  prof 11  NACA  0012  A extension  cambrde  oscll- 
lant  en  tangage  de  part  et  d' autre  de  son  Inci- 
dence de  ddcrochage  statlonnalre  (rdf.  9). 

Cette  phase  prdcAde  celle  du  ddcollement 
gdndrallad  A caractAre  tourblllonnalre  ddcrlte 
dans  le  paragraphs  prdcddent. 


CLASSICAL  TRAILING 
i'  EDGE  STALL 
(ONERA  CAMBRE) 


Lop!^TR!p___ir:=u 

ABRUPT  TURBULENT 
SEPARATION 


Le  rndme  type  d ' inf ormatlons  peut  Stre  obtenu  par 
des  fils  chauds  placds  trAs  prAs  de  I'extrados 
du  profll.  Cette  technique  a dtd  utlllsds  par 
I'USAAHRDL  d'Aaea  (rdf.  10)  lors  de  la  campagne 
d'essai  sur  le  profll  NACA  0012  et  sur  ses  ddrl- 
vds,  citde  prdcddemaent . La  figure  6,  tlrde 
de  la  rdfdrence  % montre  I'dvolutlon  des  ddcol- 
leaents  sur  les  dlffdrents  profile  essayds  en 
fonctlon  du  temps  ou  de  1' Incidence  gdomdtrlque 
des  profile.  Pour  obtenlr  cette  figure  on  a 
asslalld  id,  ce  qui  n'est  pas  trAs  rlgoureux,  le 
point  oil  nalt  le  ddcollement  avec  la  point  oU 
apparalt  pour  la  iremlAre  fois  on  dcoulement 
inveras. 


.23  .30  .73 

CHOROWISE  LOCATION,  X/C 


Evolution  dot  dtcollmona  turbuhnU  sur  profil  osctUsnt. 
a*  lS°  + t<r  sin  <ut;  k^O.tS;  Rs-2.S  x ItT. 


II  eat  cependant  clair,  que,  dans  des  conditions 
d' oscillations  en  tangage  identlques  i 

- le  NACA  0012  A rayon  de  bord  d'attaque  rddult 
volt  lea  ddcollsments  nsltre  et  se  propager 
prlnclpalsment  du  bord  d'attaque  vers  le 
bord  de  fulte, 

- le  NACA  0012  A extension  cambrde  volt  les 
ddcollsments  naltre  et  se  propoger  du  bord 
de  fulte  vers  le  bord  d'attaque, 


Ces  ddcollsments  de  la  couche  limlte  turbu- 
lente ddpendent,  comme  en  dcoulement  station- 
nalre,  de  nombreux  paramAtres  : 

- ceux  qul  condltionnent  la  valeur  du  gradient 
de  presslon  locale  i 

. le  profll  lui-mtme  comme  I'a  illustrd  la 
figure  e prdcddente, 

. 1' Incidence  moyenne  et  1' amplitude  des 
oscillations  en  tangage. 


. la  frequence  redulte  de  1' oscillation, 
puisque  les  ddrivdea  temporelles  de 1' inci- 
dence du  profil  lui  sont  directement 
proportionnelles . 

La  figure  9 adaptee  de  la  figure  26  de  la 
r^f^rence  10  illustre  d'allleura  1' influence 
de  ce  parao6tre.  Plus  la  frequence  redulte  de 
I'oscillation  est  ^levde,  plus  I'apparition 
des  d^colleaents  est  tardive.  Cela  retards 
d'autant  le  d^collement  g^n^ralis^  sur  le 
profil. 

- Ceux  qui  sont  lids  k la  vlscositd  : 

. le  nonbre  de  Reynolds, 

. la  position  de  la  transition  de  la  couche 
Unite,  que  celle-ci  s'effectue  naturelle- 
aent  ou  artlficlellement. 

cot  a’.  inciDEMCt 
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Fig.  9 — lnflu»nc»  d»  la  frgquance  rMjita  sur  I'ivolution  das  ddcollamants 
NACA  0012.  a = tg"  + ICf  sin  ut. 

La  figure  10  adaptde  de  la  figure  32  de  la 
rdfdrence  10  illustre  1' influence  du  nonbre 
de  Reynolds.  Plus  celul-ci  est  dlevd,  plus  les 
ddcollenents  apparaissent  et  ae  ddveloppent 
tardivement . 


L' influence  des  conditions  aval  sur  le  ddcolle- 
ment  sera  discutde  au  paragraphe  4.3. 


(o)  BOUNDMtY  LAYER  FLOW  (d)  MAXIMUM  NEGATIVE 
REVERSES,  LARGE  MOMENT 

EDDIES  APPEAR 


(b)  VORTEX  FORMS  NEAR  (e)  FULLY  SEPARATED 
LEADING  EDGE  FLOW 


olV  inciDcnce 


(c)  MAXIMUM  NORMAL 
FORCE 


0 0.25  0.50  0.75  \0 

fig.  10  — tnffu0ne0  du  nombrw  dt  Htynokh  ur  tdwkttion  dm  ddcdh- 
manttNACA  0012  a~  if  ^ 1<f  sin  wt : k - O.IS. 

ae  absclsse  du  point  de  ddcollenent. 


3 - SnrORTS  OLOBAUX  KT  PRESSIOMS  LOCALBS  SUR 
1£S  PROFILS  BN  OBCROCHAOB  DIRANIQUE. 

3.1  - Exenple  type  d'un  profil  «a  oacillatlona 
hamoniques  de  tangage. 

La  figure  11  tirde  de  la  rdfdranoe  2 raprend 
las  cycles  da  portaacs  et  de  nonsnt  da  tangage 
du  profil  NACA  0012  oselllant  on  tangage  ddJA 
prdsantds  figure  1 , nala  an  aasociant  k dlffd- 
rents  aononta  du  cycle  d'lnoldanca  lea 
prinolpauz  Arknaaents  du  ddoroehago  dynaalqua 
ddorlts  an  ddtall  an  paragraphe  prdoddeat. 


Fig.  11  - Frincipaux  Mnamantt  INs  au  profil  NACA  0012  an  eonfigura. 
tion  da  dieroehaga  dynamiqua.  Na  • 2,5  x ICfi. 


On  ranarquara  ourtout  qua  la  portanca  du  profil 
continue  k eroltra  avec  I'ineldanca,  blon  au 
dale  da  la  valour  aazlaale  obtanua  an  dooulanant 
statlonnairo  at  oaoi,  aalgrd  la  prdaonoo 
d'deouloMata  invorsoa  au  sain  d'una  coueho 
llaita  da  plus  an  plus  turbulonta  at  dpalsso 
sur  uns  grande  partlo  da  la  eorda  du  profil 

ia).  Un  tourbillon  so  erda  prka  du  bond  d'attaqua 
b)  at  la  portanca  continue  k oroltro  encore 
plus  lapldsasnt  arac  I'inoldonea.  La  ddpart 
du  tourbillon  Torn  la  bord  do  fulto  proroqua 
la  dderoohagoaa  noaant  du  profil,  aais  la 
dderoehago  on  portanea  (o)  n'arriva  qu'un 
pou  plus  tard,  lorsquo  la  tourbillon  a 
ddpassd,  dans  oa  oas  particuliar,  un  pau  plus 
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qua  la  Bi-corda  du  profil.  Laa  aoBanta  da 
taacafa  plquauni  ( Cg  < 0 ) pauvant  prandre 
daa  Talauxs  nattaaant  ]lus  iaportantea  qua 
lora  da  ddorocbafaa  atatlonnalraa  at  cad, 
prlnclpalaMUt,  k cauaa  daa  ctaargaa  indultaa  par 
la  tourblllon  lots  da  son  ddplacaaant.  La 
sonant  piquaur  satlsus  eorraspond  au  passaga 
du  tourblllon  au  bord  da  fuita  (d).  Lorsqu'an 
inoldanca  dderolasanta  la  profil  prdsonta  un 
caractkra  cosplbtoaant  ddcolld,  das  tourbll- 
lona  sacondalras  paurant  naltra  at  produira 
daa  accrolaaasanta  ralatlfs  da  portanea  at  da 
aosant  da  tangaxa  (a).  I'incldanca  continuant 
b ddcroltra,  la  coucha  llslta  flnlt  par  raeollar 
au  profil  b partlr  du  bord  d'attaqua  (f)  sals 
on  na  ratrousa  un  profil  non  ddeolld  qu'b  das 
Incldancaa  blan  Infdrlauraa  b callas  du  ddcro- 
chafa  atatlonnalra. 

Laa  saauraa  da  praaalon  abaolua  affectudas 
lots  daa  aaaals  da  I'lISAAMRSL  d'bmes  aont  trbs 
utllaa  pour  sulTta  I'dvolutlon  daa  phdnonbnaa 
llda  b la  prdaanca,  au  ddvaloppanant  at  au 
ddplacanant  daa  tourblllona  caractdrlatlquaa 
du  ddcrocbaga  dynaslqua. 

C'aat  alnsl  qua  laa  flguraa  12  at  13  tlrdea  d'un 
docusant  b paraltra  (rdf.  11 ) nontrent  qua  : 

- la  ddcrochaga  an  sonant  (b)  ast  provoqud  par  la 
aoudalna  rdductlon  daa  fortes  ddpreasions  de 
bord  d'attaqua  (a)  -figure  12-  sals  eat 
Idgbresant  prdcddd  par  alia.  Cette  rdductlon 
aa  fait  plus  tSt  mala  aolns  bruaquenent  al 
I'on  ddclenche  la  transition  artlflclellesent. 
La  ddcrochage  an  portanea  (c)  ne  s'effectue 
qu'un  peu  plus  tard. 


FI/.  12  — CmhHon  dm  pnmiont  dm  It  rd^on  du  bord  d'ttttqut. 
Cm  du  profil  NACA  0012  tn  trmition  librt. 
a • 16“  + ICt  tin  ut ; k - 0.1B. 


- Is  tourblllon  ss  ddplaos  la  long  da  I'eztra- 
dos  du  profil  an  ddrsloppant  sur  son  paaaaga 
daa  ddprssslons  looalss  (fig.  13), 
dont  la  sazlaua  psisat  da  locallaar  la  tour- 
blllon t on  troure  qua  la  rltessa  da 
ddplaosBsnt  da  ea  tourblllon  ast  gdndralanent 
Infdrlaura  b la  aoitld  da  la  rltasaa  da 
I'deoulsnsnt  b I'lnflnl  aaont.  Una  dtude 
ddtalllda  da  os  ptadnosbna  sat  falta  dgslanant 
dana  la  rdfdranoa  12  par  7.0.  CAKTA,  b partlr 
d'sasals  sffactuds  par  Sikorsky  an  1972  sur 
profil  lACA  0012. 
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Fig.  13-  Influtnct  du  pmttgt  du  tourblllon  tur  Im  rdptrtithnt  dt  prtuion. 

Cm  du  profH  NACA  0012  tme  trmition  fixH. 

* = 0,  /5  / a = 16“  + tin  u>t. 

La  connalssance  das  presslons  absolues  locales 
pemet  ausal  de  sulrre  I'dvolutlon  daa  tralndes 
de  presslon.  La  figure  14  nontre  le  cycle  das 
tralndes  de  presslon  dans  las  axes  lldes  b la 
maquetta. 

La  technique  das  aesurea  das  presslons  absolues 
a dgalenent  dtd  adoptde  par  d'autres  cbarcheurs 
cOBse  A.O.  PABKEH  (rdf.  13)  at  plus  anclennenent 
par  R.I.  WINDSOR  (rdf.  14)  ; cea  trarauz  sont  trbs 
utiles  oar  11s  foumlasent  aussl  une  base  de 
cosparalson  pour  la  nlae  au  point  das  mdthodes  de 
calcul  das  dcoulesants  Instatlonnalres  enirdaence 
ou  non  de  ddcrochage  dynaslqua. 


3.2  - Orandeurs  adrodynaslquas  caractdrlstlquas 
das  profile  an  oscillations  barsonlques 
de  tangage. 

L'ezesple  type  prdeddent  net  an  dvldence  un 
certain  nonbre  de  grandeurs  adrodynaslquas 
dont  11  ast  Intdressant  de  connaltre  I'dvolutlon 
an  fonction  des  paranbtres  de  1' oscillation.  II 
s'agit  surtout  : 

- de  la  portanea  sazisale  atteinta  par  le  profil 
an  oours  d' oscillation,  puisqu'elle 

traduit  quantitatlvesent  la  consdquence  bdnd- 
fiqua  du  retard  au  ddcrochage  eonstatde 
axpdrlsantalanant , 

- du  sonant  piquaur  saxinal  obtenu  dans  la  phase 
critique  du  ddcrochage  dynaslqua,  puisqu'il 
peut  traduire  quantitatlvesent  I'intensltd 
pdnalisante  du  ddcrochage  dynaslqua. 

Un  autre  point  Isportant  des  configurations  de 
ddcrochage  dynaslqua  conceme  las  dchanges 
d'dnergie  antra  le  profil  at  le  courant  d'air, 
qul  condltlonnent  done  la  stabllltd  adrodynaslque . 

L'aira  intdrleura  des  cycles  de  sosent  de 
tangage  an  fonction  de  1' angle  d' Incidence 
est  proportlonnella  au  travail  des  forces 
adrodynaslquas  ( ^ Ce.  ds  ) . si  le  cycle 
eat  parcouru  dans  le  sens  Inverse  des  aiguilles 
d'uns  nontre,  le  travail  des  forces  adrodyna- 
slques  eat  ndgatif,  I'asortissesent  adrodyna- 
sique  est  posltif  et  le  souvesent  est  stable. 

Par  contra,  si  le  cycle  est  parcouru  dans  le 
sans  des  aiguilles  d'uns  nontre,  le  travail 
des  forces  adrodynanlquaa  est  posltif,  I'anor- 
tissenent  adrodynaslque  est  ndgatif  et  cela 
peut  antralnar  tun  instabilltd  en  torsion  de 
la  pale. 
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fiff.  14  — Influence  de  le  frequence  rdduite.  Ce$  du  profit  NACA  0012 
en  trentition  fibre, 
a = 1S^  + Iff  sin  wf. 

Les  essals  tr^s  coopleta  effectu^B  en  1968  et 
1969  par  Boeing-Vertol  sur  4 profils  (r6f.  16 
et  17)  dquip^s  de  capteurs  de  preasions  diffe- 
rentials en  Douvement  de  tangage  et  de  pilonnement 
et  en  faisant  varler  la  frequence  rdduite, 
I’aBplltude  et  I'lncldence  ao/enne  dea  oscilla- 
tions et  le  noabre  de  Hach  peraettent  d'4tablir 
1' influence  de  ces  parambtres  sur  les  perfor- 
aancas  adrodjrnaalques  instationnaires  des 
proflls. 

11  n'est  pas  question  Icl  de  fotimir  I'enseable 
des  rbsultats  caractbristiques  obtenus  aals 
d'attirer  I'attsntlon  sur  les  prlnclpauz  effets 
et  notaaasnt  celul  : 

- de  1* incidence  aoysnna  de  1*  oscillation  et  de 
I'aaplltude  asaocibs  car  lea  effets  sont  trba 
diffdrents  suivant  que  la  plage  d* incidences 
balaybea  se  altue  aeant,  de  part  et  d'autre 


ou  apres  I'lncldence  de  dbcrochage  statlon- 
naire  du  profll.  La  figure  19  aontre  un  exemple 
ie  cycles  obtenus.  On  reaarquera  que,  c'est 
dans  une  oscillation  de  part  et  d'autre  de  I'inci 
dence  de  ddcrochage  statlonnalre  que  les  effets 
sont  les  plus  aarqubs  et  conduisent  b des 
portances  aaziaake  iaportantes  et  b la  possi- 
bility d' instability  en  tangage.  Lorsque  le 
profll  oscille  continuement  en  bcoulement  dbcoliy 
aux  fortes  incidences  noyennes,  le  iBouvement  rede 
vienC  stable  mais  en  gynbral  cela  s'acconpagne  de 
fortes  valeurs  de  moments  de  tangage  piqueurs. 
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Fig.  15  — Cycles  des  forces  et  moments  obtenus  sur  profit  Vertot  23010 
en  oscilletions  hermoniques  de  tertgege  (Re^  = 4,8  x ICfi). 

- du  nombre  de  Hach  car  dbs  qtie  ce  paraabtre 
augmente  un  peu  et  qu'on  se  trouve  b des 
incidences  yievyes,  les  problbmes  lids  b 
la  compressibility  apparalssent.  La  figure 
16  tirde  de  la  rdfdrence  2 aontre  les 
cycles  obtenus  b diffdrents  noabres  de  Hach 
pour  des  incidences  moyennes  Idgbreaent 
supdrieures  atut  Incidences  de  ddcrochage 
stationnaires  correspondantes.  Si  1' allure 
gdndrale  des  cycles  rests  la  mdme,  on  notera 
que  la  portance  maxlaale  dialnue  arec  le 
noabre  de  Hach  et  qu'en  gdndral  les  aoaents 
piqueurs  aaxlaaux  sont  aoins  importants  b 
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Fig.  IS  - Sffet  du  nombre  de  Mech  sur  lee  cerwetdristiquee  insutionneires 
du  profit  NACA  0012. 
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noBbre  de  Mach  4lev^.  On  reaarquera  surtout 
la  tendance  k la  dispart tlon  des  Inetabilitka 
en  tanjfage  li  Mach  ^leed.  Ceci  pent  ttre  dfl 
h un  ddreloppeaent  touiblllonnalre  aoins  fort 
lorsqu'une  onde  de  choc  eat  pr^sente  prbs  du 
bord  d'attaque  du  profll. 

Ces  easals  ont  dtd  analTsda  par  de  noabreuz 
auteurs  (r^f.  2,  18,  19  et  20  par  exeaple). 

L' influence  de  la  forme  des  profils  essay^s  est 
non  n^gligeable,  comite  I'illustre  la  figure  17, 
rassemblant  les  figures  7,  8 et  9 de  la 
r^fdrence  19* 


dtant  fortement  non  lindairea,  il  faut 
s'attesdre  & ce  qua  ces  poohtB  dfpeadent  de 
1' amplitude  at  k ce  que  I'on  trouee  doe 
inatabilitds  de  tangage  k des  nombree  de  Mach 
aupdrieurea  k Mach  0,6  par  example  pour  dee 
oscillations  de  falble  amplitude. 


La  figure  18  en  fouralt  un  exeqle  et  eat 
extralte  des  rdsultats  d'essala  de  flottamant 
de  ddcrochage  effeetuds  par  la  Direction  des 
Structures  de  I'OMSRk  (rdf.  21 ). 


s^«//  flutttr 


On  notera  que  ; 

- dans  la  gamme  des  dpaisseurs  relatlTes 
essaydes,  plua  I'dpalsseur  d'un  profll  eat 
falble,  plus  ses  performances  de  portance 
maxlmale  Instationnalre  sent  llmitdes  (comma 
en  dcoulenent  statlonnaire) . De  plus,  1' inci- 
dence moyenne  pour  laquelle  le  profll  derient 
instable  est  d'autant  plus  basse  que  le  profll 
est  molns  dpals.  La  poche  d'inatabllltd  des 
prof 11s  minces  s’dtend  rera  les  nombres  de 
Mach  incident  plus  dleeds  que  lea  profils 
dpals. 

- I'effet  de  cambrure  est  en  gdndral  farorable 
et,  comma  en  dcoulenent  statlonnaire,  permet 
d'arolr  des  portances  mazlmalss  supdrleures 
aux  profile  symdtrlques  d'dpalsseur  dqulra- 
lente.  Les  Inatabilitds  en  tangags  appsrals- 
sent  alora  pour  des  incidences  ncysnnes  plus 
dlerdes  k nombre  da  Mach  flxd,  ou  k un  nombre 
de  Mach  plua  dlerd  k incidence  noyanna  fixda. 


stab/e 


03  0.4  05 

unstable 


Flf.  18  - Exttnpft  dt  idmim  obttnu  dtni  um  diudt  dt  Hontmtnt  dt 
dfcroclittt  • Axi  d'otcIHtdon  titut  t 0.378  c 
NACA  S3A015  tn  otcllittiont  dt  tm^tft  • • fO*. 

Bn  dahors  daa  essmis  ddjk  eltdn,  on  pant 
obtanlr  daa  ranaelgnamants  sur  lam  emimetd- 
ristiquaa  inatationnmlras  d'mutraa  prefils 

grtca  aux  assmls  affaetuds  par  la  lAI  aur  la 

IPL  9615  par  axaapla  (rdf.  22)  cm  par  la 
CUT  da  Toulcmsa  am  franoa  sur  la  profll 
Sk  15109  par  axampls  (rdf.  25).  Da  nemaamax 


On  a pu  constatar  I'axlstanca  da  "pocha  d'ins- 
tabllltd''  dans  la  plan  Incidanca  moyanna/noakra 
de  Mach  da  I'aasai.  II  s'aglt  lei  d' oscillations 
d* amplitudes  moyennes  (-  5*).  Lea  phdnomknes 
lids  tant  k la  coaprssslbilitd  qu'au  ddcroohage 


1 
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bancs  d'aasals  dsstlnds  plus  spdclaleaent  auz 
essals  b dss  noabrss  de  Nach  dlavda  sent  en 
couis  de  Bontage  ou  vlennent  de  eosaenoer  b 
fonctionner.  II  s'agit  par  ezeaple  de  banes 
prdeus  b Aaes  et  Langley  field  par  la  HASb, 
ou  b I'iSA  da  Bedford  sous  l'd(0de  du  RAS. 

3.3  - Autres  aouveaents. 

Si  1 'analyse  des  phAnoabnes  de  ddcrochage 
dynaalque  a iti  faite  sur  des  aouvaBents  d* Inci- 
dence de  la  aaquette,  e'est  que  I'on  dispose 
de  trbs  noabreuz  renselgneaants  sur  ce  type 
de  aouvaaent. 

On  distingue  aussi  : 

- las  aouveaents  de  pllonneaent  du  profil  obtenus 
en  le  souaettant  b des  variations  cycllques 

de  translation  porpendlculalre  b la  vitesse 
de  I'Acouleaent  b 1* inf ini  aaont  Ua-  . Quelques 
rAsultats  caractArlstlques  des  essals  effectuAs 
par  Boeing-Vertol  (rAf.  16  et  17)  sont  foumis 
dans  lea  rAfArencaa  18  et  19*  On  notera  cepen- 
dant  que  ce  aouveaent  revlent,  en  prealbre 
approziaatlont  b une  variation  d* incidence 
du  profil  de  aodule  V<via/U«.,  K Atant  I'aapll- 
tude  du  aouveaent  de  pllonneaent  et  ui  sa 
pulsation.  Les  dlffArenees  provlennent  de  ce 
que  sur  le  profil  la  loi  de  rApartitions  des 
vitesses  Indultes  par  le  aouveaent  est  linAaire 
dans  le  aouveaent  d'oscillation  de  tangage  taiidia 
qu'elle  est  constants  dans  le  aouveaent  de 
pllonneaent.  La  figure  19  nontre  un  ezeq>le  de 
cycles  obtenus,  et  confine  la  possibllitA 
d' avoir  des  portances  Instatlonnalres  lb  encore 
supArleures  b celles  du  dAcrochage  stationnaire 
aais  au  priz  de  aoaents  piqueurs  Inportants  et 
d'instabllitAs  du  aouveaent.  La  figure  20  aontre 
I'Avoluticn  des  prlncipales  grandeurs  caractA- 
rlstiques  des  configurations  de  dAorochage 
dynaaique  en  fonction  de  1* incidence  de 
calage  du  profil  et  du  noabre  de  Kach  de 
I'Acouleaent  b I'lnfinl  aaont, 

- le  aouveaent  de  taais  du  profil.  Le  aouveaent 
est  alors  une  translation  cycllque  du  profil 
parallbleaent  b la  vitesse  de  I'Acouleaent  b 
I'lnfinl  aaont  Um  . On  obtient  en  fait  une 
aodulation  cycllque  de  la  vitesse  d'attaque 
du  profil,  reproduisant  par  ezeaple,  les 
conditions  de  vitesse  d'attaque  slnusoldale 
pour  une  section  de  pale  d'hAlicoptbre  en 
vol  de  translation.  C'est  I'INf  de  Marseille 
qui  travallle  sur  ce  aujet  en  France  (rAf. 

24,  29).  Lb  encore  il  y a possibllitA 
d'obtenir  lors  de  cea  aouveaents  des  portances 
supArleures  b celles  que  I'on  obtient  en 
stationnaire,  sulvant  lea  valeurs  de  1' incidence 
de  calage  du  profil  (supArleures  ou  Agale 

b 1' incidence  de  dAcrochage  stationnaire)  de 
la  frAquence  rAdulte  du  aouveae  nt  V ir/t/O- 

et  de  son  aaplltude  rAdulte  A*  Au>/ii0(A  Atant 
I'aaplitude  rAelle  du  aouveaent  de  taais).  La 
figure  21  sdaptAe  de  la  figure  1 de  la  rAfA- 
rence  26  lllustre  ce  point  aais  la  coBBunlca- 
tlon  faite  par  les  ingAnleurs  de  I'lKF  de 
Marseille  durant  ce  aeettng  (rAf.  27)  peraettra 
d'entrer  beaucoup  plus  dans  les  dAtails  des 
Acouleaents  IIA3  b cea>uveaent  et  des  perfor- 
aances  aArodynaaiques  ainsl  obtenuss.  Cette 
variation  de  vitesse  d'attaque  peut  Agaleaent 
s'effectuer  en  faiaant  verier  la  vitesse  de 
I'Acouleaent  dans  la  soufflerie,  le  profil 
restant  fize.  Ce  iype  de  aontage  a AtA  adoptA 
auz  Itats  Unis  b I'UnlveraitA  de  Monterey  en 
Califomie,  b cells  du  Tezas  et  b cells  de 
I'llllnois.  Les  essals  effectuAs  sur  un  profil 
HiCA  0012  dans  cette  demlbre  installation 
seront  prAaentAs  lors  de  ce  nesting  par 
L.3.  SAXEMA,  AA.  FEJER  et  H.T.  MORXEVIN 
(ooaauni cation  n”  22), 


19  - Ex0mpl»  de  cycits  intationntint  obtmwt  «n  oteiUttiom  dt 
pompxgy  du  profit  Vortol  23010-fJS8. 


Fig.  20  - PorWKm  moximtim  et  eoofficiints  d»  tabUM  du  profit  Vtrtol 
23010  on  oociHotiont  do  pompogo. 

U'df  UoU^iUXcosut) 

' ■ X/k,tJ3 


Fig  21  - OociUotiom  hormordquot  do  am*  air  un  profit  NACA  0012  ■ 
1<  AOf  <2  K IOO. 
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HETHOOES  DE  PREVISION. 


I 


I 


Pour  pr^volr  le  ph4nomkne  cooplexe  qu'est  le 
d^crochage  dynanlque,  on  dispoas  de  differentes 
D^thodes.  Lea  unea  n'apportent  que  des  reiiaci- 
gneaenta  partlela  ; ellea  concement  lea  ^coule- 
aents  potentiela  avec  ou  aana  repr^aentation 
dea  d^colleaenta  et  lea  couchea  limitea  Inata- 
tionnairea.  Lea  autrea.  basdea  aur  la  r^aolution 
dea  ^quationa  de  Navier-Stokea  aont  prooetteuaea 
mala  aont  encore  d'emploi  llmitd.  On  dlapoae 
^galement  de  mdthodes  pratlquea  k base  d ' empi- 
riaae  lorsqu'on  ne  a'lntdresae  qu'aux  efforts 
globauz  instationnaires. 


Ce  paragraphs  s'efforcera  de  foumlr  quelques 
renseignements  aur  lea  differentes  rndthodes 
dlsponibles  lllustrees  par  quelques  resultats 


caracteristiques . 


1 

i 


4.1  - Calculs  des  dcoulements  potentials 
instationnaires  en  absence  de 
ddcolleDenta . 

Lorsque  lea  profile  ne  aont  pa  soumls  k dea 
ddcollements  ou  k des  effets  vlaqueuz  iopor- 
tants,  la  resolution  des  equations  Instation- 
naires de  la  mecanique  des  fluides  parfaits 
permet  de  decrire  de  fa;on  asaez  satisfalaante 
lea  preasiona,  forces  et  moments  qui  s'ezercent 
aur  lea  prof 11s. 

Les  theories  de  base  s'appllquent  k des  profils 
sans  epalsseur  en  mouvements  harmonlques.  Celle 
de  Theodorsen  (rdf.  15) > par  ezemple,  fait 
apparaltre  naturellement  dans  sa  formulation  la 
notion  de  frequence  reduite  du  mouvement 
( ^ - VAJ  c/2.lla^  et  son  influence  aur  les  modules 
et  phases  ds  preasiona,  forces  et  moments  par 
rapport  au  mouvement  impose.  Cependant,  seula 
les  termes  correapondants  k I'harmonlque  fonda- 
mentale  en  cw  aont  calcuies  et  ceux-cl  sont 
proportlonnels  k 1' amplitude  du  mouvement. 

Une  extension  simple  de  cette  rndthode  aux  caa 
dea  profila  epaia  a ete  proposes  par  W.J. 

NcCROSKEY  (ref.  28)  qui  foumlt  lea  reparti- 
tions de  Vitesse  k I'extrados  et  k I'lntrados 
des  profile  osclllanta.  Aasociee  k la  resolu- 
tion de  1' equation  de  Bernoulli 
la  i^thode  montre  1' existence  de  termes  en  ui 
qui  dependent  alors  de  la  forme  du  profll 
(effet  d' epalsseur  et  de  cambrure),  de  1' inci- 
dence moyenne,  de  1' amplitude  et  de  la 
frequence  reduite  sals  aussl  cells  de  termes 
en  2u>  dependant  da  I'amplitude  et  de  la  frequence 
reduite  du  mouvement.  Cette  methods  a foumi  de 
bonnes  comparalsons  avsc  Iss  easais  de  R.I.  Windsor 
{lit.  M)  et  peut  Itre  utilises  pour  effectuer 
des  calculs  de  couches  llmltes  instationnaires 
par  example. 

L'lnterlt  de  ces  methodes  eat  de  foumir  une 
formulation  math4mmtlque  relatlvement  simple, 
une  fois  oonnuss  les  fonotiona  da  Theodozman 
qui  dependent  de  la  seule  frequence  reduite. 

Slesing  (rdf.  29)  a mis  au  point  un  procdde 
de  calculs  beaucoup  plus  sophlstiquA  en 
aettant  en  oeuvre  une  methods  paimettant  de 
traitor  le  cas  de  profile  quelconquas  en  mouva- 
ment  instatlonnalre  quelconqua.  Les  calculs  ne 
peuvent  s'sffectusr  que  sur  ordinataur,  en 
partant  d'un  etat  da  repos  du  profil.  a cnaque 
etape  en  temps,  on  calculs  I'intenslte  des 
sources  positionnees  sur  le  profil  et  das 
tourblllona  llda  disposes  k I'lnterlaur  du 
profil  et  la  position  des  tourblllons  libras 
lachds  du  bord  de  fulte  pour  former  la  sillags 


instatlonnalre,  dont  on  calcule  aussi  le 
developpement  dans  I'espace.  Compte  tenu  de  la 
condition  de  Kutta-Joukowski,  ce  calcul 
permet  de  pn-voir  1' evolution  des  preasiona, 
forces  et  .moments  aglssant  sur  le  profil.  Si 
quelques  procddes  de  calculs  des  ecoulements 
instationnaires,  en  absence  de  tout  decollement 
sur  le  profil, ont  ete  rappeies  ici,  c'est 
parce  que  : 

- pour  toute  configuration  de  ddcrochage  dyna- 
mique,  11  exlste  des  instants  ok  il  n'y  a pas 
de  decollements  sur  le  profil 

- I'analyse  des  rdsultats  foumis  par  ces 
methodes  peuvent  partiellement  expliquer 
le  retard  au  decrochage. 

La  thdorle  de  Thdodorsen  montre  par  example 
que,  lorsque  les  Incidences  d'un  profil  oscu- 
lant en  tangage  crolssent,  les  gradients  de 
pression  le  long  de  la  corde  sont  inferieurs 
k ceux  que  I'on  obtlent  en  station.nalre.  Cette 
constatation  faite  par  F.O,  CARTA  (rdf.  30) 
peut-elle  sufflre  k expliquer  le  retard  au 
decrochage  ? La  figure  22  tiree  de  la  reference 
1 montre  le  resultat  obtenu  en  supposant  que 
le  decrochage  instatlonnalre  (<Vds)  ne  se 
prodult  que  lorsque  le  gradient  de  pression 
instatlonnalre  prks  du  bord  d'attaque  (k 
X./C  a 0.1 ) du  profil  attaint  la  valeur  theori- 
que  correspondant  au  decollement  en  stationnaire. 
Le  calcul  prevolt  blen,  comme  dans  1* experience, 
que  1' incidence  de  decrochage  instatlonnalre 
augmente  avec  la  frequence  reduite  du  mouvement 
mals  le  calcul  est  loin  de  pouvoir  predire  la 
valeur  absolue  de  I'accroissement  d' incidence 
de  decrochage  dans  les  configurations  de 
decrochage  dynamique. 

~ ^SS'  Q I ~ 


Fig.  22-  Augmtntttion  d»  I'lncidm*  du  dtcrochugt  intationntin 
pur  rtpport  t I'lncidmt  du  dicrochugu  mtionnuiru 

4.2  - Calculs  de  configurations  de  decrochage 
dynamique  k I'aide  des  ecoulements 
potentials . 

On  a vu  qu'experimentalenant  I'une  des  phases 
importantes  du  decrochage  dynamique  etalt  cells 
de  la  formation  et  du  deplacamsnt  d'un  tourbillon 
sur  I'extrados  des  profile. 

- Le  Pr.  HAM  (ref.  31 ) a simuie  cstte  phase  sn 
emsttant  au  volsinage  du  bord  d'attaque  uns  seris 
de  tourblllons  et  en  les  lalssant  s'echappsr 
vers  le  bord  da  fulte  k la  vltssae  de  I'ecou- 
lement  local.  Cs  calcul  a ete  sffsctue  pour 
le  cas  d'un  profil  infinimsnt  mines. 
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La  fUiur*  2y  tir4e  it  la  titirtnot  31  aontre 
laa  trajaetoiraa  aulTles  par  lea  tourblllons 
dana  la  eaa  d’una  plaque  plana  aoualse  bruta- 
laaant  h un  dchalon  d'lnoldenoa.  da  30*.  On 
Tolt  trbs  blan  una  Baaaa  tourbillonnalre  se 
fotaar  at  sa  ddplaear  rars  la  bord  de  fulte. 


^ • 1.90 


0] 


/ 


^ • 1*79 


G 


/ 


£L5 


-2 


Fit  23-  Tnjtetoirm  ctkuUm  dm  lourblllon$  tmd  Ion  iTunt  mm  «n 
Inddtnoi  bnitilt  i 3(f. 

Xa  ri(uare  24  tlrda  dcaleaent  de  la  rdfdrance 
31  nontxa  xin  aoeord'-aatlafaiaant  avec  I'ezpd- 
rlanoa  an  oa  qui  oonoema  la  nlTaau  des 
pxaaalona  looalaa  aur  un  profil  oaclllant  en 
tanca«a  antra  10*at  30*  b una  frequence  rddulte 
de  0,35  (aaaala  affeetuda  au  MIT). 

II  eat  eapandant  b notar  qu'il  faut  a'lapoaer 
I'lnatant  du  ddbut  d'dniaaion  daa  tourbillona 
da  bord  d'attaqua.  Sa  plua  laa  ealeula  ne 
pawrent  paa  prendre  an  coapte  daa  ddcollaaants 
da  bord  do  fulta. 

- La  Soeldtd  WiTIlf  en  rrance  (rdf.  32  at  33) 
a utlllad  cette  aehdaatlaatlon  en  I'appli- 
quant  au  oaa  d'un  profil.  Mala  e'eat  la 
ddeollOBant  da  la  coucha  llalta  qul  ae 
prodult  Tora  la  bord  d'attaqua  qul  engendre 
una  nappe  tourbillonnalre.  Calla-cl  ae  ddre- 
loppa  b partlr  da  ca  point  at  eat  allaentde 
an  rotationnal  par  la  coucha  Unite. 

Sulrant  Sarpkaya  (rdf.  34)  le  ddblt  da 
rotatlonnel  eat  donnd  par  la  foromle  ; 

AV/Afc  = -W/z. 

ob  li  eat  la  rl tease  da  I'deoulenant  au  droit 
du  point  da  ddcollaaont  lanloalra  at  Ur  ast 
la  Tltaaaa  nazlnala  de  I'dcoulenent  de  recir- 
culation Indult  par  1 ' anrouleaent  tourblllon- 
nalro. 

4 cheque  dtapo  an  tanpa,  on  dnet  done  dea 
tourblllons  dlaereta  dont  on  calcule  la  trajee- 
tolre.  On  ddtemlne  las  xrltasses  Indultas  b la 
parol  du  profil  par  I'ansanbla  daa  alngularltds 
eorroapondant  b la  ndthoda  da  J.P.  Oleslng 
(rdf.  29)  at  par  lea  tourblllons  libras  dale  au 
bord  d'attaqua. 


Fig.  24  - Evolution  coicuMo  ft  *xp4ri/n»nl»lr  dm  pnaiont  $l  ' un  profil 
tn  configuntion  d»  dtcrocfmgt  dyntmlqut. 

La  figure  25  tlrde  de  la  rdfdrenoe  33  montre  lea 
oomparalaons  des  llgnes  tourblllonnalras  calouldes 
et  las  ylsuallastlons  par  fuodes  effeotudes  par 
I'USiUlIRSL  d'bmes  (Rdf.  6).  Las  oomparalaons  au 
niveau  des  cycles  de  portances  obtenues  sent  aussl 
assaa  encourageantes  oomme  le  montre  la  figure  26 
tlrde  de  la  rdfdrenoe  2. 


II  reste  cependant  des  problkmes  pour  fixer 
soit  rigoureueeBent  solt  par  eBplriSM  (dtudes 
en  cours)  les  conditions  d'dBission  et  de 
diffusion  de  ces  tourblllona. 

Les  calouls  des  ecouleaents  potentlels  ont 
cependant  leurs  limitations  et  seuls  lee 
calculs  de  couche  limits  Instationnaire  peuvent 
apporter  des  uldments  pour  comprendre  et  prdvoir 
si  possible  les  retards  k I'apparitlon  des  decol- 
lements. 

a»l9*+6*  sin  wt  k«0.24 
CALCULATION 


EXPERNENT 


77 


INCIDENCE,  a.  deg 


‘s/c  Re*  3x10*  K*0.24 


TRAILING 

EDGE 


Fig.  26  — Comptniton  tntn  cmIcuIs  BCHTIN  et  essais  USAAMRDL  (AmetJ. 
Fmfil  NACA  0012. 


4.3  - Calculs  des  couches  limites  instationnaires 

Une  des  sessions  de  ce  meeting  d'ardodynamique 
instationnaire  est  consacrde  auz  problbmes  de 
couche  liBlte  instationnaire  ddcollde  ou  non  ; 
elle  est  prdcddde  d'une  presentation  gdndrale 
par  D.P.  Telionis  ; il  n'est  done  pas  utile  id 
de  ddvelopper  ce  sujet. 


UNSTEAOr^ 

QUASI-STEAOY  ^ 
BOUNDARY  LAYER 

, LAMINAR 

at  ax 

\ TURBULENT 
\ / au  au 
\Iat  ““ax 


TURBULENT 


EXPERIMENTAL 
STALL  ONSET 
(MARTIN,  etoL) 


0 x/c  1.0 


LAMINAR 
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EDGE 


0 S 10  15  20  25 

INCIDENCE,  a,  deg 

Fig  27  — Evolution  du  point  de  coefficient  de  frottement  nul  wr  un  profit 
oscillent NACA0012  Re  = 3jt  lOf  ;k  = 0.24 / o = ?5°  + 6° 
sin  wt. 

montre  les  rdsultats  des  calculs  obtenus 
pour  un  profil  soumis  h une  variation  d' inci- 
dence croissante  effectude  h vitesse  constants 
entre  0®  et  25°.  L'dcoulement  potentiel  est 
calcuie  par  la  mdthode  de  J.P.  QIESINS 
(rdf.  29).  Si  I'on  considdre  les  calculs 
effectuds  avec  I'dcoulement  potentiel  instation- 
naire et  la  couche  limite  instationnaire,  le 
point  oil  apparalt  un  dcoulement  inverse  remonte 
plus  tardivement  vers  le  bord  d'attaque,  mais 
lorsque  1' incidence  crolt,  de  faqon  beaucoup 
plus  rapide  qu'en  dcoulement  statlonnaire. 

Le  retard  h cette  remontde  provlendrait,  selon 
les  auteurs,  en  partie  de  I'dcoulement  potentiel 
instationnaire,  en  partie  des  couches  limites 
inscationnaires,  conne  le  montrent  les  diffdrentes 
courbes  de  la  figure  28. 


On  ne  rappelle  lei  que  quelques  probldBes 
fondamentaux  lids  aux  configurations  de 
ddcrochage  dynamique. 


La  f Igure  27  extraite  de  la  rdfdrence  t Bontre 
que  dans  le  cas  du  profil  oaclllant,  I’effet  de 
termes  instationnaires  ()u  des  dquations 
Se 

de  couche  limite  turbulente  n'est  pas  ndgligeable 
sur  le  point  oU  le  coefficient  de  frottement 
devient  nul.  Dans  les  calculs  effectuds,  on  a 
pris  les  lols  de  rdpartition  de  vitesse  de 
I'dcoulement  potentiel  ddtermlndes  par  V.J. 
RcCROSKBT  (rit.  28).  L'effet  d'hysteresia 
beaucoup  plus  important  constatd  lorsqu'on  tient 
coBpte  des  termes  ^ vlent  essentlellement 
Tt 

du  fait  qu'au  voisinage  du  bord  de  fulte,  ces 
ddrlvdes  en  fonctlon  du  temps  sont  du  bAbs  ordre 
de  grandeur  que  les  grsdlents  suivant  la  corde 


Stetdy  Fotentiel  Flow/Steedy  Boundary  Layer 
- - — Steady  Potential  Flow/Untteedy  Boundary  Layer 
Untteedy  Potential  Flow/Steedy  Boundary  Layer 
H- O Unsteady  Potential  Flow/Unttaady  Boundary  Layer 


Une  analyse  ddtalllde  de  la  remontde  vers  le 
bord  d'attaque  du  point  d' apparition  d'un  dcou- 
leaent  inverse  (dqul valent  au  point  ovi  le  coeffi- 
cient de  frotteBent  est  nul)  a dtd  effectuds  par 
R.M.  SCRIIQCS,  J.P.  NASH  et  R.B.  SINGLETON 
(rdf.  35).  La  figure  28  tlrde  de  cette  rdfdrence 


Fig  28  — Mouvement  du  point  tfapparition  de  Fteouletnent  hteerea 
f Incidence  croitaente  at  cSA/.  « 0,04). 


I 
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II  eat  auaal  sifniflcatlf  da  TOir  {tig,  29, 
tlrda  da  la  rdfdrenca  33)  qua,  ai  I'on  conai- 
dkra  I'lncidanca  d'apparltlon  k ai-corda  du 
point  d'dcoulaaant  Inrarse,  calla-cl  aunaenta 
avec  la  Titaaaa  da  rariatlon  ansulaira  du 
profil  da  faqon  trka  coaparabla  k calla  da 
I'lncidanca  da  ddcrocha^  Inatationnaira  an 
portance.  Cette  aucaentation  eat  d'abord  trka 
raplde  pour  lea  falblea  raleura  da 
pula  11  apparalt  una  aorta  da  aaturatlon  dea 
effeta  Inatatlonnairea  auz  valeura  dleadea 
dec4/lUao  . Ce  ph^noakne  caractdrlstlque 
prorlendralt  lui  ausai  an  partie  de  I'dcoula- 
aent  potential  inatationnaira  at  an  partie  das 
couchea  llnltea  Instationnalres. 


Fig.  29  — Incidtie*  pour  Itquollt  fieoulttmnt  imtno  tmint  It  mi-cordt 
du  profU.  tn  fotKtion  dt  It  titmr  tngultirt  du  profiL 


II  faut  cependant  dire  qua  cea  calcula  ne  peuvent 
Itre  rraiaent  aigniflcatifa  qua  ai  la  point 
d'apparltlon  d'dcouleaent  InTerae  n'eat  paa 
aulri  k I'aval  d'un  ddcolleaant  de  la  couche 
lialta  trop  laportant,  qul  aodlflarait  alora  lea 
rdpartitlona  de  Titaaaa  aur  I'enaeable  du  profil 
(ca  qul  aaabla  la  caa  lore  daa  aaaaia  effectuda 
k Aaea  aur  la  profil  MCA  0012  aunl  ou  non  de 
son  extanalon  caabrda). 

On  point  laportant  lid  k la  nature  inatationnaira 
dea  couchea  llaitea  eat  la  diatinctlon  k faira 
antra  la  point  d'apparltlon  d'un  dcouleaant  inrar- 
aa  at  la  point  de  ddcolleaent.  Da  trka  noabrauz 
traraux  ont  dtd  affactuda  aur  ca  aujet  at  la 
lactaur  pourra  aa  raportar,  par  axaapla  , k 
cartalnaa  ooaxmuiloatlana  i 

- callaa  faltaa  au  Sjrapoaiua  lUTAM  aur  laa 
couchaa  llaitea  Inatatlonnairea  organlad 
par  I'Cnlreraltd  Laral  k Qudbac  an  Hal 
1971  (rdf.  36)  ; 

- callaa  faltaa  au  Syapoaiua  orcanlad  par 
I'Dnlraraltd  d'A^xona  k Tueaon  an  Mara 


II  n'apparatt  paa  an  fait  de  aln^iularltda  au 

point  d'dcouleaent  inrarae,  coaae  an  idcouleaent 

statlonnalre.  La  orltkre  da  ddcollament  n' Inter-  | 

Tlent  par  azempla  qu'k  1' apparition  da  la  dlver- 

ganoa  de  I'dpalaaaur  du  ddplaoament. 

Gala  aa  altue  an  aval  du  point  d'apparltlon  \ 

d'dcouleaent  Invarae,  conae  la  aontre  la  achdaa  ' 

de  la  figure  30  propoad  par  V.R.  Seara  at  D.P.  j 

Talionls  (rdf.  36).  On  peut  done  continuer  k I 

ddcrire  la  couche  lialta  an  aval  du  point  ‘ 

d'dcouleaent  Invarae  ( C J ^ O).  V.C.  PATEL  | 

at  J.P.  HASH  (rdf.  39)  ont  pu  calculer  I'dvolu- 
tion  dana  la  teapa  d'une  bulla  de  ddcolleaent 
turbulent  erdde  par  una  ddcdldratlon  aulvie  d'una 
accdldration  de  I'dcouleaent  extdrieure,  variable 
dana  la  teapa.  La  figure  31  tlrde  de  la  rdfd- 
rence  2 llluatre  las  rdaultata  obtenua  qul 

montrent  la  naisaance  de  la  bulla  de  ddcolleaent  j 

avec  dcouleaent  Invarae,  aon  extanalon  vara 
la  bord  d'attaque  at  I'apparltlon  finale  d'un 
ddcolleaent  due  au  bruaque  accrolaaaaant  de 
I'dpalaaaur  de  la  couche  lialta.  Cea  phdnoaknea 
de  bullea  de  ddcolleaent  turbulent  Inatatlon- 
naire  aont  dgaleaent  dtudida  de  faqon  intenaive 
par  L.tf.  CAHR  de  I'DSAAXRDL  d'Aaea. 


INVISCID 


Fig  31  - Cticul  dt  It  norlttion  dt  I'dpthmur  dt  dtpitemmnt  d'unt  eouefit 
Ihnltt  turhultnti  Imtttlormtlrt  tide  dcaultrmna  dnaraaa 


Da  noabreuaaa  adthodea  da  oalcul  daa  couchaa 
llaitea  turbulantaa  inatatlonnairea  exiatant, 
aaia  11  eat  k notar  qua  laa  aodklea  da  turbu- 
lence cholaia  Boat  (our  I'lnatant  toujoura 
baada  aur  dea  erltkraa  valablaa  an  dcouleaent 
atatlonnalre.  II  aeabla  done  fondaaantal  dana 
ca  doaaine  de  vdriflar  qua  cea  aodklea  aont 
adaptda  k I'adrodjmaalqua  Inatationnaira.  Laa 
expdriancea  baadaa  aur  la»chercha  da  oaraetd- 
rlatiquaa  daa  couchaa  llaltaa  Inatatlonnalraa 
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sont  done  tr&s  utiles  et  & tltre  d'ezeBple  on 
citera  cells  mende  au  CERT-ONGRA  de  Toulouse  pour 
des  plaques  planes  soumlses  A des  dcouleaents 
pulsds.  Ces  travauz  feront  I'objet  d'une  presen- 
tation lors  de  la  session  III  de  ce  aeeting  (rdf.  40) 

Bn  conclusion,  les  calculs  d'dcouleaents 
potentlels  et  de  couches  llmites  foumissent 
des  renseignements  psrtlels  Intdressants  et 
peraettent  de  comprendre  certalnes  phasa  du 
ddcrochage  Instationnaire.  Nals  11s  deaeurent 
Incoaplets. 


4.4  - Calcul  des  equations  de  Havler-Stokes 

Dans  un  probldme  aussl  coapleze  d' interaction 
entre  les  dcoulements  potentlels  et  vlsqueuz 
la  resolution  des  equations  de  Navler-Stokes 
devralt  peemettre  d'aborder  le  problbae  du 
ddcrochage  dynaalque  dans  son  ensenble. 

En  rdsolvant  1' equation  de  propagation  du 
tourblllon  et  cells  de  Poisson  pour  la  function 
de  courant  par  un  schdoia  laplicite  auz  diffe- 
rences flnies  et  une  procedure  de  relaxation 
U.B.  Mehta  et  Z.  Lavan  avaient  ddjk  dtudie 
le  ddcrochage  d'un  profll  anrbs  sa  aise 
impulsive  en  Incidence  ( rdf.  41).  One  approche 
similaire  a dtd  prise  pour  le  cas  d'un  profil 
oscillant  et  U.B.  Mehta  prdsentera  durant  ce 
symposium  les  rdsultats  qu'il  a obtenus  (rdf.  42). 
Des  Tisuallsations  effectudes  au  tunnel  hydro- 
dynamique  de  I'ONERA  dans  des  conditions  corres- 
pondent A celles  des  calculs  peraettent  de  jugcr 
de  la  precision  des  rdsultats  prdlimlnaires 
obtenus.  La  figure  32  aontre  un  trbs  bon  accord 
entre  les  llgnes  de  courant  calculdes  et  les 
trajectoires  des  bulles  d'air  qul  servent  de 
support  k la  visualisation.  Les  phdnoBknes  tour- 
billonnaires  sont  bien  prdvus  et  on  peut  done 
espdrer  que  les  calculs  pourront  dderire  de 
faqon  satisfaisante  le  processus  physique  de 
nalssance,  de  convection  et  de  dissipation  dven- 
tuelle  de  ces  tourbillons  caraetdristiques  du 
ddcrochage  instationnaire. 

11  est  souhaitd  que  les  calculs  puissent  fttre 
effectues  k des  nombres  de  Reynolds  plus  realis- 
tes  avec  I'emplol  de  aodkles  de  turbulence 
ndaotds  aux  cas  de  fortes  interactions  visqueuses. 


Fig.  33-  From  NACA  0012  otciHont  tn  fngogt. 

t(f  + toFiln  u)t  ,■  * “ 0.2S  ; Rtg  = 10000 


D'autres  coaaunications,  durant  ce  meeting, 
traltent  aussl  de  la  rdsolution  des  dquations 
de  Bavier-Stokea,  Celle  de  J.C.  Wu  et  N.L.  Sankar 
concema  ausei  une  aile  oscillante  (rdf.  43)  et 
celle  de  R.B.  Kinney  traite  du  cas  d'une  alls 


fixe  soualse  k des  dcouleaents  instatlonnalres 
(rdf.  44).  Les  adthodes  eaploydes  pour  la 
rdsolution  des  dquations  de  Navier-Stokes 
pouvant  Btre  diffdrentea,  11  aera  Intdressant  de 
savolr  si  certalnes  peuvent  dtendre  leurs  appli- 
cations k des  nombres  de  Reynolds  plus  dlevds 
sans  ndcesslter  pour  cela  des  temps  de  calcul 
prohlbltlfs. 

Une  autre  application  des  dquations  de  Navier- 
Stokes  a dtd  faite  par  S.J.  Shaaroth  et  J.P, 
Ereskowsky  (rdf.  45)  en  ne  les  utllisant  qu'au 
voisinage  du  bord  d'attaque.  Les  alculs 
foumissent  une  description  assez  fine  des 
ddcolleaents  laainaires  de  bord  d'attaque  et 
pourraient  done  8tre  utilisds  pour  des  ddero- 
chages  dynamlques  du  bord  d'attaque  par  dclate- 
aent  des  bulles  de  ddcollement  par  example. 


4.5  - Problkmes  posds  pour  le  couplage  entre 
dcoulements  visqueux  et  non  vlsqueux. 

On  peut  aussl  utlllser  les  mdtbodes  dites  de  cou- 
plage qui  permettent  de  calculer  les  rdpartitions  de 
pression  en  effectuant  un  calcul  en  fluide 
parfait  tenant  compte,  par  les  conditions  aux 
limites,  du  ddveloppement  des  couches  visqueuses. 

La  figure  33  illustre  une  configuration  de  ddcol- 
lement turbulent  d'’  bord  de  fuite  qui  remonte 
vers  le  bord  d'attaque  du  profil.  Dans  une 
mdthode  de  couplage,  il  sera  ndeessaire  de  tenir 
compte  des  couches  limites  laainaires,  de  la 
transition,  des  couches  limites  turbulentes,  des 
zones  de  ddcollement  et  du  sillage. 

Pour  tenir  compte  de  la  couohe  limite  par 
exemple,  diffdrentes  mdthodes  ddjk  appliqudes 
en  dcoulement  stationnaire  sont  possibles: 

- on  peut  refaire  le  calcul  des  dcoulements 
potentlels  aprks  engraissement  du  profil  de 
I'dpaisseur  de  ddplacement  calculde  par  un 
programme  de  couche  limite  puis  iterer  jusqu'k 
convergence  ; 

- on  pourrait  aussi  distribuer  le  long  du  profil 
luie  densitd  de  sources  et  de  puits  correspondent 
k la  variation  du  ddbit  intdressd  par  la 
couche  limite,  les  intensitds  de  ces  singula- 
ritds  (ij  * dtant  calculdes  k 
partlr  des  rdsultats  de  calculs  des  dcoulements 
potentlels  et  visqueux  de  I'itdration  precd- 
dente. 


Couche  limite  lemineire 


Fig  33  — Exemple  de  rones  visqueuses  sur  un  profil  en  configsretion  de 
ddcrxKhege  dynemique. 


La  transition  s'effectue  dans  de  nombreux  cas 
par  1' intermddiaire  d'une  bulle  de  ddcollement 
laainalre.  Les  conditions  instatlonnalres  aux- 
quelles  est  soumls  le  profil  peuvent  retarder 
son  dclateaent.Les  travaux  mends  par  J.D.  LANG 
(rdf.  46)  sont,  par  exemple,  Intdressants  k 
cet  dgard.  Le  rSle  de  cette  bulle  de  ddcolleaent 
laalnaire  peut  sureaent  devenlr  important  dans 
le  cas  de  profile  qul  en  stationnaire  ddcrochent 
par  dclateaent  de  cette  bulle.  On  doit  eiter  dga- 
leaent  les  dtudes  faites  sur  ce  sujet  au  H.T.T. 
par  N.D.  HAM  et  son  dqulpe  (rdf.  72,  73,  76). 
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Le  probl^De  de  la  zone  de  d^collement  et  du 
sillage  demeure  beaucoup  plus  complexe  et 
o^riterait  dea  Etudes  approfondies. 

On  peut  citer  les  etudes  de  P.  Crimi 
(rdf.  47  et  48)  o.ui,  dans  sea  travauz  de  provi- 
sion dcs  forces  et  moments  des  profils  en  confi- 
gurations de  ddcrochage  dynamique,  fait  par 
example  I'hypothbse  d'une  pression  constante 
dans  la  bulls  de  ddcollement. 

Le  point  de  ddcollement  sur  le  prdfil  est 
supposd  connu,  mais  est  remis  en  cause  k 
chacune  des  itdrations  successivea  entre 
calculs  des  dcoulements  potentiels  et  visqueux 
Jusqu'k  convergence  de  ce  point. 

En  se  fixant  une  loi  de  dOplacement  du  point 
de  ddcollement  sur  un  profil  oscillant,  F.  SISTO 
et  P.V.K.  PGRUHAL  (rdf.  49)  ont  calculd  I'dvolu- 
tion  des  forces  et  moments.  Ils  ont  utilisd  pour 
les  calculs  d* dcoulements  potentiels  une  mdthode 
de  potential  d'accdldration.  Les  calculs  effec- 
tuds  pour  une  plaque  plane  en  oscillations  de 
tangage  et  de  pompage  montrent  que  I'on  peut 
ainsi  obtenir  des  cycles  dea  forces  et  moments 
pouvant  entralner  le  flottement.  Gn  fait,  le 
choix  de  singularitds  adaptdes  pour  reprdsenter 
les  zones  de  ddcollement  et  le  sillage  visqueux 
provenant  de  la  confluence  des  couches  limltes 
extradoa  et  intrados  semble  encore  demander  des 
analyses  approfondies. 

Cependant,  I'aapect  thdorlque  de  ce  probldme  a 
dtd  examlnd  rdcemment  par  W.R.  SEARS  (rdf.  50) 
qul  pose  notamment  le  ddlicat  probldme  de  la 
condition  de  Kutta-Joukowski  en  instationnaire. 

II  serait  peut  Stre  intdressant  de  ddvelopper 
des  mdthodes  analogues  A celles  ddveloppdes  pour 
la  prdvision  de  la  portance  maximale  des  profils 
en  dcoulement  stationnaire,  comma  viennent  de  le 
faire  B.  MASKBW  et  F.A.  DVORAK  (rdf.  51 ). 

Le  problAme  de  couplage  entre  dcoulements  visqueux 
et  non  visqueux  va  certalnement  demander  encore 
beaucoup  d' efforts  mais  le  but  k attelndre  eat 
des  plus  attractlfs  pulsqu'll  devrait  permettre 
un  calcul  beaucoup  plus  prdcls  des  configurations 
de  ddcrochage  dynamique  et  des  qualitds  adrody- 
namlques  des  profils  dans  ce  cas. 


4.6.  - Mdthodes  empiriques  pour  la  prdvision  des 
forces  globales. 

Les  paragB  phes  prdcddents  montrent  les  diffdrents 
problAmes  fondamentaux  qul  sont  A rdsoudre  pour 
ddcrire  de  faqon  prdcise  les  diffdrentes  phases 
du  ddcrochage  dynamique.  Depuls  des  anndes,  en 
vue  de  leur  utilisation  pour  les  applications, 
de  nombreux  chercheurs  se  sont  attachds  A 
trouver  des  mdthodes  plus  simples  de  reprd- 
sentatlon  des  forces  Instationnaires  po\ir  les 
profils  rencontrant  des  rdgimes  de  ddcrochage 
dynamique  au  cours  de  mouvements  instationnaires. 

Le  problAme  consists  surtout  A trouver  une 
formulation  trAs  gdndrale  A partir  d'essals 
effectuds  dans  des  configurations  simples 
(profil  oscillant  par  exemple)  en  falsant 
varier  de  nombreux  psramAtres  : profil,  nombre 
de  Mach,  incidence  et  amplitude,  etc  .. 


Mdthode  UARL  (<*,  A,  B). 

Cette  mdthode  a dtd  mlae  au  point  par 
F.O.  CARTA  at  repose  sur  le  fait  que  la  portance 
et  la  moment  da  tangage  Inatantanda  dolvsnt 
Itre  fonctiona  comae  en  dcoulement  Instationnaire 
non  ddcolld  de  I'lncidance  a(  , da  la  Vitesse,, 
angulalre  •(.  et  de  I'accdldration  angulaire  U 


Gn  fait,  CARTA  utilise,  pour  plus  de  gdndralltds, 
les  paramAtres  rdduits  sulvants  : 

a-s<x/«Di  A:<Jo/2U«o  B ,-ot  CV  AOeo* 

incidence  de  ddcrochage  stationnaire 

On  dispose  de  tables  (rdf.  52  et  53)  fournissant 
pour  toute  incidence  dea  valeurs  moyennes  de 
Cx  ou  Ci»,  correspondantes  A des  valeurs 
assocides  A et  B. 

Cette  mdthode  a permis  de  rdsoudre  de  nombreux 
problAmes  lids  aux  configurations  de  ddcrochage 
dynamique  ou  d'apparltlon  d'instabilitd  adrody- 
namique  (flcttement)  sur  rotor  d'hdlicoptAre  ou 
de  compresseur  (rdf.  54  A 56). 

Plus  rdcemment,  R.L.  BIBLAWA  de  I'Dnited 
Technolo^es  Research  Center  A Hartford 
(rdf.  57J  a ddveloppd  une  methode  permettant 
de  s'affranchir  dea  tabulations  des  valeurs 

A et  B.  Des  fonctions  non  llndaires,  dont  ; 

aeuls  les  coefficients  seront  tabulds,  synthd- 
tlsent  les  courbes  Cz  (ou  Cm)  = B). 

Ces  mdthodes  peuvent  s'appliquer  par  exemple 
A la  ddterminatlon  des  incidences  prises  par 
une  maquette  globalement  flexible  en  torsion 
lorsqu'elle  se  trouve  en  oscillations  forcdes 
de  tangage.  La  figure  34  tirde  de  la  rdfdrence 
57  montre  la  trAs  bonne  comparaison  des  rdsultats 
de  calcul  avec  I'expdrlence. 


Fig.  34-  Comp*nison  dn  incidutcm  prises  per  une  mequette  flexible  wise 
en  osciHetions  farcies  en  tertgege  fug/Xl  - S,S3). 

Mdthode  Boelng-Vertol. 

Cette  mdthode  a dtd  developpde  A la  suite  des 
campagnes  d'essais  sur  profils  oscillants  en 
tangage  et  en  pompage  effectuds  par  Boeing- 
Vertol  (rdf.  16  et  17).  Glle  repose  sur  le  fait 
constatd  expdriaentalement  que  les  effets  insta- 
tionnaires sont  en  gdndral  d'autant  plus  impor- 
tants  que  la  variation  d' incidence  Imposde  au 
profil  se  fti  t plus  rapldement.  D.tf.  Cross  et 
P.D.  Harris  (rdf.  58)  ont  montrd  queleretard 
au  ddcrochage  est  proportlonnel  kycA/H^. 

F. D.  Harris  et  F.J.  Tarzanln  (rdf.  59  at  60)  ont 
alors  mis  au  point  un  calcul  des  forces  adrody- 
naaiques  en  assoclant  A la  thdorie  de  base  de 
Thdodorsen  une  incidence  pseudo-dynamique  ou  de 
rdfdrence  instationnaire  qul  tradult  la  poaslbilltd 
d' avoir,  en  inoldenoa  orolssanto,  un  retard 

au  ddoroohage. 

G. E.  Coraonc  (rtf.  61)  a dCcrit  de  faqon  trAs  coa- 
plAte  la  adthode  Boeing-Vartol  qui  a I'avantage, 


I 
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bien  que  basSe  sur  un  certain  empirisme,  d'une  for- 
mulation mathSmatique  qui  ne  ndcessite  que  la  con- 
naissance  dee  aeuls  polaires  stationnaires  dee  pro- 
file 

La  figure  33  tlrde  de  la  rdfdrence  60  montre 
que  les  calculs  permettent  de  prdvoir  arec  una 
certalne  prdciaion  lea  cycles  des  forces  et 
■omenta  de  tangage  pour  des  profils  en  absence 
ou  en  presence  de  ddcrochage  total  ou  partial. 


A I'ONBRA,  cette  adthode  a dtd  adaptde  pour 
pouroir  Inclure  dans  un  programne  de  calculs 
des  parfomances  locales  et  globales  d'un  rotor 
d'hdllcoptbre,  les  effets  non  lindaires  des 
configurations  de  ddcrochage  instatlonnaire 
(rdf.  62).  La  figure  3^  aontre  qu'un  accord  plus 
satisfaisant  ayec  les  dvolutions  de  portances 
locales  expdrlaentales  a dtd  obtenu  en  mtillsatt 
cette  mdthode  par  rapport  A la  mdthode  initlale 
pureoent  lindalre,  pour  un  rotor  ob  une  bonne 
partie  de  la  pale  reculante  se  tromre  en  dtat 
de  ddcrochage  dynaoique. 


Mdthode  du  tei^s  de  retard  au  d dcrochage 
dynaalqua  (Tiae  delay  method). 

Cette  mdthode  est  basde  sur  I'ldde  simple  qu'll 
pourrait  exlster  deux  yaleura  de  temps  rdduit 
'?*et*Ci.  qui  flxent  le  retard  au  ddcrochage  en 
moment  et  au  ddcrochage  en  portance.  Si  est 
le  temps  origins,  au  moment  ob  le  profil 
poasbde  une  ticidence  instantande  dgale  A cells 
ob  11  ddcroche  en  statlonnalre,  les  temps  et 
1 1.  pour  lesquels,  dans  des  conditions  instation- 
nalres,  le  profil  ddcroche  en  moment  et  en 
portance,  correspondent  A des  temps  rdduits 

C C 

ob  Tx  et  "Xt.  sont  dee  constantes  "uniyerselles''. 

Pour  Sikorsky  (rdf.  63)  IT*  et  Ti.  Talent  2 at  6 ; 
pour  Westland  (rdf.  64),  et  *ra.  Talent  2,44 
et  5,41  aprAs  un  axemen  ddtallld  des  essaia 
Boeing-Vartol  (rdf.  16  et  17)  pour  lesquels 
ces  Tsleurs  moyennes  seraient  Talablea  dans  plus 
de  120  eonfigurationa.  De  oe  rdsultat,  quelque 
pau  aurprenmnt,  eat  renue  vine  mdthode  simple  da 


calculs  des  forces  adrodynamlques  Instationnaires 
dans  le  cas  de  ddcrochage  dynamlque.  Les  4 phases 
prlnclpales  du  calcul  sent  illustrdas  par  la 
figure  37. 


36  — Evolution  dft  chtrgtt  loalet  tur  un  rotor  tripah  lortttnant 
charfi. 


1)  Tant  que  le  profil  n'atteint  pas-  1' incidence 
oorrespondante  au  ddoroohage  Instatlonnaire  en 
momenty  le  oaloul  s'effeotue  en  dooulement 
potential  sans  ddoollement. 

2)  Pour  des  temps  intaxmddialres  entre  le 
ddcrochage  en  moment  et  le  ddcrochage  en 
portance,  on  continue  de  caleuler  les 
portances  pour  des  dcoulemonts  non  ddcollds 
■als  le  moment  eat  calculd  en  s'lmposant  une 
lol  lindalre  en  fonction  du  tamps  du  recul 
du  foyer  adrodynamique  Jusqu’A  une  position 
dquiTalente  A cells  obtenue  en  dcoulament 
statlonnalre  totalement  ddcolld. 

3)  Lorsque  le  ddcrochage  instatlonnaire  en  por- 
tance Interrient,  on  Impose  vine  lol  de 
diminution  exponsntialle  de  cette  portance 

en  fonction  du  temps  rers  des  Tsleurs  corres- 
pondantes  A unpolalre  qviaai-statlonnaire 
d' dooulement  ddcolld  sur  un  profil 
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4)  Enfln  lorsque  1' Incidence  redeeient  dgale 
ou  Infdrieure  k 1' incidence  de  ddcrocha^ 
etetionneire,  on  retourne  vera  les  polaires 
atationnairea  par  un  proceaaua  de  recolle— 
Bent  qui  a'ezpriae  auaai  BathdBatiquement. 


Aeec  cette  adthode,  on  arrive  auaai  k aaaea  bian 
reprodvdre  lea  cyclea  ezpdriaantauz  de  portance 
et  de  Boaent  de  tan^iage  aur  profila  en  configu- 
ration de  ddcrochage  dynaaique  coaae  la  aontre 
la  figure  i8  eztraite  dea  travaxu  de  T.S.  Beddoaa 
(rdf.  64).  Cependant  coaae  dana  le  caa  dea  adtho- 
dea  prdcddentea,  1' accord  n'eat  paa  toujoura  trka 
bon. 


37  - Principtim  phtmt  du  ctkul  tffKtiM  dm  la  mdthoda  du 
i Timadalaya. 


Mdthode  Lockheed. 


L.E.  Erioaaon  et  J.P.  Reding  baaent  leura 
analyaea  dea  rdaultata  et  leura  adthodea  de 
prdriaion  aur  una  ddcoapoaition  ai-thdorique, 
al-aaplrique  du  retard  au  ddcrochage. 

Lea  foraulea  aathdaatiquea  aaaocidea  aont 
ddveloppdaa  dana  la  rdfdrence  65.  Leur  applica- 
tion au  caa  dea  eaaaia  effectuda  k Aaea  par 
I'USAAlDiDL  donnent  parfoia  de  bona  rdaultata 
coaae  le  aontre  la  figure  39  tlrde  de  la 
rdfdrence  66.  La  pbaae  d' apparition  du  ddcrochage 
en  Boaent  eat  blen  prdvue.  La  plaae  du  ddcro- 
chage en  portance  et  celle  d' apparition  du 
Boaent  plqueur  aaziaal  aont  lldea  k une  vlteaae 
de  propagation  du  tourbillon  dgale  k 0,55  11» 
at  k aon  paaaage  aolt  k 70  de  la  oorde  aolt 
au  bord  de  fuite  du  profil. 

NACA  00 f 2 oscHltnt  tn  ttngage 
o « 75®  4-  /O®  sin  ut 


Calculs  Loekhtad 


Momant  piqueur  maximum 
DieracHaga  an  pertanea 

DacraePaga  an  mamant 
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Fig.  39-  Prtmiom  arMnamantt  Uda  au  dtrmrhapa  dynamiqua  daa  profila 
oaclllanta.  NACA  0013  oaclllant  an  tanpaga  ■ a”  4 l&dn  ut 

Lea  adthodea  ddveloppdea  par  L.E.  Ericaaon  et 
J.P.  Reding  ont  fait  I'objet  de  noabreuz  docu- 
aenta  (rdf.  67  k 70)  portent  notaaaent  aur  la 
ddcrochage  inatatlonnalre,  le  flotteaent  ou  lea 
effeta  dynaaiquea  llda  au  ddcolleaent  derrikra 
lea  ondea  de  choc.  Lora  de  ce  aeeting,  cea  autaura 
prdaentent  une  coaaunicatlon  (rdf.  71)  qui  poae 
le  problkae  d'dchelle  de  alailitude  dea  rdaul- 
tata acqula  en  aouffleria  qu'll  faut  tranapoaer  k 
I'dchelle  grandeur  dea  apparaila  dana  la  cadre 
dea  eaaaia  dynaaiquea  ok  le  noabre  de  Reynolda 
Joue  un  rSle  trka  laportant. 


Fig  30-  Cffat  da  la  frdquanea  iddulta  daa  aacIPatlena  harmoniquaa  da 
tanpaga  aur  la  profil  Vartol  13006  IM  <•  0^  ; Pa  • f3^ 
«!  “*")• 


T 
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Mithoda  IQT 

Slla  aat  basda  sur  las  oonnalasanoaa  aoquiaaa  au 
IdT  par  la  Pr.  HAH  at  son  Aqulpai  aur  la  plan 
axpArlmantal  at  thAorlqua  (rdf.  72  at  73) • H. 
Johnaaon  (rdf.  74  at  75)  a Dontrd  ~ua  la  portanoa 
nazlmala  at  la  momant  da  tangaga  mazliial  aont  llda 
llndairamant  au  paramAtra  da  vltaaea  angulaira 
0^  ^Uoo  mala  qu'  Ilya  daa  valaura  llmitaa  A 
laura  aoorolaaamanta.  L'angla  da  dioroohaga  inata- 
tlonnalra  eat  estlmd  par  daa  fomtulaa  aeml- 
ampirlquaa  dtalillaa  par  W.  Johnaaon  at  N.C.  Ham, 
rdf.  76.  A tltre  d'eiemple,  la  refdranoe  75  foumit 
laa  rdaultata  ohtenua  par  oatta  mdthoda  at  oallaa 
ddvaloppdaa  ohaa  Boalng-Vartol  at  I'UASL  dana  la 
ddtarminatlon  daa  chargaa  looalaa  aur  un  rotor 
d'hdliooptdra. 

V.J.  HcCroakay  a fouml  dana  la  rdfdranca  1 laa 
rdaultata  obtanua  par  laa  dlffdrantea  mdthodaa 
de  provision  cltdas  cl-daaaua  pour  la  ddtar- 
ainatlon  daa  portancaa  at  momenta  plqueura 
aaxlmauz  attaints  aur  la  profll  NACA  0012 
esaayd  k Ames  an  oaclllatlons  harmonlquea  de 
tangage.  Depuls  la  publication  orlglnale  de 
mars  1975,  lea  calculs  ont  dtd  reprls  notamment 
par  Lockheed  at  la  HIT  A la  aulte  dea  progrAs 
qu'lls  ont  pu  fairs  dans  leurs  mdthodes.  Lea 
rdsultats  actuals  de  la  confrontation  calculs- 
expdrlence  aont  fournla  dans  la  figure  40  . Dans 
I'ensemble,  las  rdsultats  apparalssent  fort 
satisfalsants  mala  11  s'aglt  de  comparalsons 
trAs  partlelles.  11  seralt  certalnement  Intdres- 
sant  d'effectuer  une  comparalson  plus  complAte 
das  dlversea  mdthodes  eii  regardant  dgalement 
les  phases  auxquelles  se  produlsent  les  prlncl- 
paux  dvAnements  sur  les  cycles  de  oortance  et 
surtout  sur  le  cycle  des  moments. 
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Cea  dlffdrentes  mdthodaa  rdpondent  A das 
heaolns  spdolflquaa  dea  oonatruoteura  at 
daa  charohaura.  Les  applloatlona  oonosment 
esssntlallsment  lea  rotors  d'hdllooptAra 
dont  oartalnes  das  configurations  de  vol 
Imposent  la  prdaence  de  ddcrochage  aur  la 


pale  reculante.  Charges  dynamlquaa,  oontralntes 
et  ddformatlons  Indultea  par  le  ddcrochage  de  la 
pale  aont  netteaent  nlaux  prdrues  actuellement 
par  1' utilisation  des  adtbodes  prdcAdentes,  qu'll 
y a quelques  anndes.  II  n'ati  rests  pas  aolna  des 
Acarts  locaux  ou  InstantanAs  Inportants  qul 
Justlflsnt  la  poursulte  de  la  recbereha  de 
nouTsllea  aAtbodes  de  prArlalon  de  plus  en  plus 
aopblstlquAes,  ou  d'essala  Instatlonnalres  avec 
effet  trldlmenslonnel.  La  figure  41  tlrde  da  la 
rAfArenca  77  montre  lea  rAsultats  d'essala 
acquis  rAcemaent  par  I'DTRC  A Hartford  sur 
proflls  osclllants  attaquAs  en  flAcbe  et  les 
dlffArences  slgnlflcatlves  obtenues  entre 
une  flAcba  de  50*  et  une  flAcbe  nulle, 
au  niveau  des  cycles  des  aoaents  aArodyna- 
mlques.  II  apparalt  que  cette  attaque  en  flAcbe 
augmente  la  tendance  A I'lnstabllltA  en  tangage 
du  profll.  Cela  lllustre  la  coaplexltA  aArodyna- 
alque  que  dolvent  avoir  les  configurations  de 
dAcrochage  dans  les  Acouleaents  trldlaenalonnels 
et  Instatlonnalres. 


5 - CONCLDSIOHS. 

Le  dAcrocbage  dynaalque  eat  un  axaaple  eoapleze 
d' Interaction  forte  entre  Acouleaents  vlsquaux 
et  non  vlsqueuz.  Htae  dans  le  cas  staple  dea 
proflls  osclllants,  11  faut  des  expArlsnces 
regroupant  des  aoyena  de  aasures  et  de  visuali- 
sations trAs  coaplets  pour  pouvolr  InterprAter 
au  mleux  les  pbAnoaAnea  coaplexes  llAs  A de 
telles  configurations.  Le  processus  pbyAlque 
de  la  formation  et  de  1 ' allaentatlon  des  tourbll- 
lons  d'extfados  rests  encore  aal  dAflnl  et  done 
difficile  A tradulre  por  le  ealcul.  Les  aoyena 
de  prAvlslon  de  I'Avolutlon  de  forces  et  aoaents 
Instatlonnalres  ont  besoln  d'ttre  encore  perfec- 
tlonnAa.  Blen  que  dea  foraulatlons  plus  ou  aolna 
eaplrlquea  donnent  parfols  satisfaction,  11  sera 
nAcessalre  d' avoir  des  prograames  de  couplage 
entre  Acouleaents  vlsqueux  at  non  vlsqueux  qul 
prennent  en  coapte  les  couebes  llaltes,  laa 
dAcolleaenta,  le  slllage  et  les  pbAnoaAnes 
tourblllonnalres  caractArlstlques  du  dAcrocbage 
dynaalque. 

Las  InstabllltAs  ou  flotteaents  sent  une  dea 
consAquencea  les  plua  laportanfes  du  dAcrocbage 
dynaalque.  Les  bancs  d'essala  Instatlonnalres 
fonctlonnant  dans  das  aoufflerles  transsonlques 
peraettront  dea  essals  nAcessalres  pour  blen 
coaprendre  1' effet  de  la  prAaenoe  dea  cbocs 
et  des  dAcolleaenta  aur  ces  pbAnoaAnes. 

Les  aspects  trldlaenalonnels  des  configurations 
de  dAcrocbage  dynaalque  restant  encore  un  sujet 
peu  abordA  dans  la  dAtall  ; 11  eat  Indlspsnsabls 
de  s' assurer  au  molns  que  la  transposition 
des  rAsultats  acquis  en  Aeouleasnt  bldlaenslonnel 
est  sufflsaaaent  prAclse  pour  la  rAsolutlon  des 
problAass  pratiques  qul  se  posant  aux  oonstruo- 
teura. 
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Dans  cette  couunlcation,  ssuls  certains  aspects 
du  ddcrochage  dynaalque  ont  pu  ttre  abordds  pour 
des  raisons  ds  clartd  de  la  presentation  aals 
il  est  certain  que  d'autres  Intdressants 
travauz  adrlteralent  d'ttre  cltds. 

De  plus,  les  coaauni cations  qui  seront  faltes 
lors  de  ce  conitrba  sur  I'adrodynamique 
Instationnaire  apporteront  de  nouveauz  rdaultats 
et  de  nouTsauz  dldsents  de  rdflezlon  qui  feront 
sans  aucun  doute  avancer  la  coaprdhension  at 
la  prdrislon  des  phdnoabnes  lids  auz  configura- 
tions de  ddcrochage  dynaaique. 
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FEATURES  OF  UNSTEADY  FLOWS  OVER  AIRFOILS 
by 

L.S.  Saxena,  A. A.  Fejer  and  M.V.  Horkovin 
Department  of  Mechanics,  Mechanical  ( Aerospace 
Engineering 

Illinois  Institute  of  Technology 
Chicago 

Illinois  60616  - U.S.A. 


SUMMARY 

This  is  a study  of  sinusoidally  oscillating  flows  over  stationary  NACA  0012  airfoils 
at  angles  of  attack  close  to  the  angle  of  stall  in  steady  flow  hy  means  of  hot 

wire  surveys  of  the  velocity  field,  surface  pressure  measurements  and  diagnostics  with 
surface  film  gages  and  tufts.  At  the  moderate  amplitudes  of  these  tests  Q8%  of  the 
mean  velocity)  stall  occurred  at  Ai'd  hhe  flow  was  quasi-steady  below  and  above 

the  angle  when  the  frequency  was  low.  At  higher  frequencies  this  quasi-steady  behavior 
persisted  below  hut  the  unsteadiness  did  alter  some  of  the  details  of  the  flow. 

However,  above  the  flow  lost  its  quasi -steady  character  completely,  with  the 

instantaneous  normal  force  exhibiting  large  periodic  fluctuations  and  its  average 
exceeding  the  steady  flow  values  by  60% . Comparison  with  flows  incorporating  boundary 
layer  trips  revealed  Reynolds  number  Independence.  Our  studies  suggest  that  below 

oscillating  flows  can  be  treated  analytically  with  confidence.  But  the  drastic  changes 
above  seem  to  imply  that  in  wind  tunnel  studies  of  the  dynamic  stall  of  helicopter 

rotors  one  should  add  fluctuations  of  the  freestream  to  the  usual  oscillations  of  the 
airfoil. 


LIST  OF  SYMBOLS 


Angle  of  attack 

Reduced  frequency  “ ffa/u^ 

Chord  length 

(t)  Freestream  velocity  = U +u 


Cp(x,t)  Pressure  coefficient 
Amplitude  ratio  = AU_^/U^ 


(t) 


p(x,t)/»spO„(t) 


INTRODUCTION 

The  present  study  was  motivated  by  the  desire  to  contribute  to  the  understanding  of 
the  class  of  problems  involving  unsteady  flows  over  lifting  surfaces,  and  in  particular 
the  dynamic  stall  of  helicopter  rotors.  Earlier  investigations  (1)  suggest  that  the 
complex  three-dimensional  flow  over  the  rotors,  during  the  forward  flight  of  the 
helicopter,  can  be  modeled  by  a two-dimensional  sinusoidally  oscillating  airstream  over 
an  airfoil  oscillating  in  pitch.  While  many  experimentalists  have  studied  the  case 
of  a steady  flow  over  an  oscillating  airfoil  (summarised  in  a recent  report  by  McCoskey 
(2)),  not  much  attention  has  been  paid  to  the  effects  of  the  oscillating  airstream. 

The  primary  objective  of  the  present  study  was,  therefore,  to  Investigate  experimentally 
the  basic  features  of  unsteady  flow  fields  generated  by  sinusoidally  oscillating 
alrstreams  over  a stationary  airfoil  at  fixed  angles  of  attack  close  to  the  angle  of 
static  stall. 

In  particular,  angles  just  below  and  just  above  the  angle  of  static  stall  ttere 
explored,  with  the  reduced  frequency  expressing  the  relative  magnitude  of  the  velocity 
of  rotation  to  the  velocity  of  flight  serving  as  the  primary  flow  parameter.  Two 
such  frequencies  were  used.  The  lower  one  of  these  reduced  frequencies  was  of  the 
same  order  as  that  at  the  tip  of  a rotor  blade  of  a typical  helicopter  in  high  speed 
forward  flight,  while  at  the  higher  frequency,  the  unsteady  effects  were  expected  to 
be  more  pronounced.  Sensitivity  of  the  flow  field  to  airfoil  roughness  %«s  studied 
by  means  of  a boundary  layer  trip  to  simulate  the  higher  Reynolds  numbers  of  the 
rotors . 

The  Investigations  were  carried  out  by  means  of  hot  wire  surveys  of  the  velocity 
field  around  the  airfoil  (NACA  0012  profile)  and  pressure  measurements  on  the  surface 
of  the  airfoil.  This  information  was  supplemented  by  data  provided  by  heated  surface 
film  gages  and  flow  visualisation  achieved  with  the  aid  of  silk  tufts.  Reduced 
frequencies  of  0.18  and  0.9  were  used  at  the  oscillation  amplitude  ratio  of  0.18  and  a 
Reynolds  number  of  250,000.  Periodic  sampling  and  averaging  techniques  were  used  to 
obtain  "instantaneous*  boundary  layer  and  wake  mean  velocity  profiles  and  pressure 
coefficient  distributions  at  different  Instants  of  the  cycle  of  oscillations  of  the 
freestream. 
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EXPERIMENTAL  SET-UP 


J. 


The  investigations,  reported  here,  were  conducted  in  the  Illinois  Institute  of 
Technology  closed-circuit  oscillating  flow  wind  tunnel  described  by  Miller  Md  Fejer 
(3),  where  the  oscillations  in  freestream  velocity  are  generated  by  a set  of  four 
rotating  blades,  mounted  on  equally  spaced  horizontal  shafts,  located  at  the  down- 
stream end  of  the  test  section.  Signals  provided  by  a magnetic  pick-up  installed  near 
one  of  the  rotating  blades  serve  as  phase  reference  and  also  indicate  frequency  of 
oscillation.  The  test  section  with  the  airfoil  and  the  associated  experimental  set 
up  is  shovn  in  Figure  1.  The  freestream  velocity  and  static  pressure  oscillations 
in  the  test  section  for  a typical  set  of  parameters  are  presented  in  Figure  2. 

A hollow  aluminum  airfoil  with  NACA  0012  profile  of  12  inch  chord  and  supported 
at  the  quarter  chord  point  was  used.  The  airfoil  is  equipped  with  a surface  pressure 
acquisition  system  located  near  the  quarter  chord  point.  It  consists  of  a solenoid 
actuated  remotely  controlled  24  port  Scanivalve  S-9  pressure  switch  and  a Setra-237 
capacitance  type  pressure  transducer.  There  are  eighteen  pressure  taps  along  the 
center-line  on  the  upper  surface  of  the  airfoil  including  one  at  the  leading  edge, 
spaced  progressively  closer  near  the  leading  edge  vAiere  the  pressure  gradients  are 
larger.  The  airfoil  is  also  equipped  with  seven  surface  hot  film  gages  bounded  to 
the  upper  surface  and  three  holes  for  smoke  injection. 

A tungsten  hot  wire,  operated  in  the  constant  temperature  mode,  was  used  for 
velocity  measurements  around  the  airfoil  and  in  the  wake.  The  mean  velocity  of  the 
freestream  was  monitored  by  a Statham  PM5TC  pressure  transducer,  through  a static 
pressure  tap  and  a total  head  probe  Inside  the  tunnel  (see  Figure  1) , while  a Pltran 
PTM2  pressure  transducer,  mounted  at  the  tunnel  wall,  measured  the  AC  part  of  the 
unsteady  freestream  static  pressure. 

The  signals  proportional  to  the  velocity  and  pressure  obtained  from  the  hot-wire 
and  the  pressure  transducer  systems  were  further  processed  U8'‘''g  the  schone  shown  in 
Figure  3.  In  most  cases  these  signals  were  composed  of  periodic  and  random  components. 
Periodic  sampling  and  averaging  techniques  (eduction)  were  used  to  extract  the  periodic 
components.  For  a flow  variable  f(t),  this  averaging  procedure  is  defined  as 

^e*^’  " ^ j f(t+nT) 

were  p and  n are  integers  and  T is  the  time  period  of  the  freestream  oscillations. 

The  instantaneous  velocity  and  pressure  signals  were  observed  on  a DC  coupled 
oscilloscope  and  sometimes  recorded  photographically  by  means  of  a Polaroid  camera. 

The  educted  signals  were  compared  with  the  Instantaneous  signal  traces  shown  by  the 
scope,  and  then  recorded  by  a XY  plotter. 

The  eduction  was  performed  with  the  help  of  a Princeton  Applied  Research 
"Waveform  Eductor"  model  TDK -9  which  was  used  in  DC  mode.  The  timing  pulses  to  trigger 
the  eductor  were  provided  by  the  magnetic  pick-up  referred  to  earlier.  The  number 
of  cycles  used  for  each  eduction  was  of  the  order  of  100,  the  actual  number  depending 
on  the  time  required  by  the  educted  signal  to  reach  a limiting  value. 

The  educted  velocity  and  pressure  data  were  recorded  as  functions  of  time  at 
discrete  spacewlse  locations.  These  were  used  to  compute  ensemble  averaged  "instant- 
aneous" boundary  layer  and  wake  velocity  profiles  and  chordwlse  surface  pressure 
distributions  at  various  phases  of  the  freestream  oscillation  cycle.  Lift  coefficients 
at  various  Instants  of  the  oscillation  cycle  were  determined  by  evaluating  the  areas 
enclosed  by  the  Instantaneous  pressure  coefficient  distributions. 

Part  of  the  flow  field  investigations  around  the  airfoil  were  carried  out  with  the 
boundary  layer  tripped  at  the  leading  edge.  The  criteria  used  for  designing  and 
constructing  the  trip  were: (a)  the  transition  to  turbulence  should  occur  upstream  of 
the  point  of  laminar  separation  at  all  instants  of  the  freestream  oscillation  cycle, 
and  thereby  preclude  the  formation  of  a laminar  separation  bubble  throughout  the 
cycle,  (b)  the  characteristics,  specifically  the  thickness,  of  the  tm  turbulent 
boundary  layers  over  the  airfoil  in  the  tripped  and  untrlpped  cases,  should  be  as 
close  to  each  other  as  possible.  A two-dimensional  trip,  which  is  normally  used  in 
steady  boundary  layers,  introduces  a locally  separated  region  just  downstream  of 
Itself.  Since  very  little  is  known  about  the  response  of  locally  separated  regions 
to  oscillations  in  the  external  flow,  this  trip  is  undesirable  in  the  case  of  unsteady 
boundary  layers.  Most  effective  tripping  in  oscillating  boundary  layers  is  achieved  by 
three-dimensional  trips.  The  trip  devised  for  our  experiments  consisted  of  beads  of 
glue  about  l>i  mm  in  height  and  2%  mm  in  diameter,  bonded  about  5 mb  apart  to  a strip 
of  masking  tape.  The  trip  was  taped  to  the  leading  edge  of  the  airfoil  with  the  row 
of  beads  positioned  on  the  leading  edge. 


EXPERIMENTAL  RESULTS  AMD  DISCUSSION 

The  steady  flow  field  over  the  airfoil  was  first  investigated  as  a base-flow 
reference.  One  of  the  basic  features  of  the  steady  flow  was  the  existence  of  a Reynolds 
number  dependent  angle  of  attack,  « at  tdiich  the  flow  separated  abruptly  at  the 
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leading  edge.  At  angles  larger  than  6*]*  but  less  than  there  was  a leuninar 

separation  bubble  near  the  leading  edge,  having  a length  of  about  2«  of  the  chord. 

The  bubble  structure  was  determined  by  hot-wire  and  pressure  measurements  and  was 
found  to  be  consistent  with  published  information.  Typical  pressure  distributions 
over  the  airfoil,  at  angles  below  the  critical  angle  (revealing  the  presence  of  the 
separation  bubble)  and  in  the  stalled  regi'on  above  the  critical  angle,  are  shown  in 
Figures  4 and  5. 

Oscillating  flow  fields  were  studied  at  angles  above  and  below  Eductable 

flow  fields  at  angles  closest  to  were  chosen  for  investigation. 

The  value  of  is  not  affected  noticeably  by  the  presence  of  freestreeun 

oscillation.  The  leading  edge  separation  occurs  at  an  angle  very  near  (steady) , 

but  is  sporadic  - i.e.,  there  are  several  cycles  of  attached  flow  followed  by  several 
cycles  of  fully  separated  flow.  This  intermittency  which  occurs  within  a small  band 
of  angles  in  the  vicinit/  of  is  random  and  not  related  in  phase  to  the 

oscillation.  This  was  anticipated  based  on  our  understanding  of  the  mechanisms  of 
transition. 

At  angles  less  than  the  critical  angle,  it  was  found  that  the  basic  structure 
of  the  flow  field  over  the  airfoil  in  an  oscillating  freestream  was  the  same  as  that 
in  a steady  freestream.  Laminar  separation  bubbles  with  a reattached  turbulent 
boundary  layer  were  observed  at  both  the  low  and  high  frequencies.  The  bubbles  were 
found  to  be  periodically  modulated  and  their  behaviour  was  experimentally  documented. 
Typical  pressure  distributions  over  the  airfoil  are  shown  in  Figures  6 and  7. 

At  the  low  frequency,  f - 2.22  Hz  (k  • 0.18),  the  behavior  was  quasi-steady,  with 
the  separation  point  remaining  almost  fixed.  But  the  transition  and  consequently 
the  reattachment  points  oscillated  in  response  to  the  periodically  changing  Reynolds 
number  of  the  flow.  Thus  there  were  periodic  changes  in  the  bubble  size  in  phase 
with  the  freestream  oscillations.  In  contrast  to  the  bubbles  in  steady  flow,  the 
flow  in  the  downstream  portion  of  the  unsteady  bubble  was  turbulent.  The  turbulent 
fluid  appears  to  have  been  injected  into  the  bubble  at  the  point  of  reattachment 
during  the  decelerating  phase  of  the  freestreeun  oscillations. 

At  the  higher  frequency,  f > 9.66  Hz,  (k  • 0.9),  the  Reynolds  number  dependent 
behavior  of  the  flow  was  substantially  modified,  with  the  Increase  in  wall  generated 
vortlcity  due  to  the  higher  unsteady  pressure  gradients  being  a probable  major  cause. 

As  a result  both  the  separation  and  the  reattachment  points  were  found  to  be  oscillating 
in  response  to  the  unsteady  freestream,  and  the  periodic  changes  in  the  bubble  size 
were  much  larger  than  at  the  low  frequency.  Part  of  the  turbulent  fluid  that  appeared 
to  have  been  injected  into  the  bubble  at  the  point  of  reattachment  during  freestream 
deceleration,  was  relaminarlzed  during  the  accelerating  part  of  the  cycle. 

Although  the  process  of  separation-reattachment  in  the  leading  edge  region  was 
very  different  in  the  oscillating  flow  from  that  in  steady  flow,  this  did  not  result 
in  any  major  changes  in  the  overall  features  of  the  flow,  i.e.,  the  unsteady  normal 
force  coefficients  were  not  very  different  from  the  steady  force  coefficients.  The 
departures  In  the  unsteady  values  were  the  largest  in  the  case  of  the  higher  reduced 
frequency  tdien  the  laoundary  layer  was  not  tripped.  This  is  indicative  of  the  extra 
sensitivity  of  the  bubble  to  the  unsteady  freestream  pressure  gradients. 

Since  the  magnitude  of  the  unsteady  pressure  gradients  produced  by  the 
oscillating  freestream  is  proportional  to  the  product  of  the  reduced  frequency  and 
the  amplitude  ratio  it  would  appear  desirable  to  repeat  the  experiments  with 
a<a  using  larger  amplitude  ratios,  that  can  l>e  readily  obtained  by  using 

rotating  shutters  of  larger  width. 

The  Investigations  at  angles  larger  than  the  critical  angles,  revealed  that  at 
the  lower  frequency  f - 2.22  Hz  (k  - 6.18) , the  surface  pressure  distributions  (see 
Figures  5 and  8)  did  not  differ  significantly  from  the  corresponding  steady  pressure 
distributions.  The  departures  of  the  instantaneous  normal  force  coefficients  from 
the  steady  flow  values  were  of  the  same  order  as  in  the  cases  of  basic 

flow  structure  was  not  very  different  from  the  steady  separated  flow. 

At  k « 0.9,  increased  unsteady  pressure  gradients  completely  altered 

the  structure  of  the  separated  flow  over  the  airfoil.  This  is  clear  from  the  pressure 
distributions  shown  in  Figures  5 and  9.  Here  the  average  normal  force  coefficient 
was  604  larger  than  the  corresponding  steady  flow  value,  and  the  instantaneous  force 
coefficients  showed  large  periodic  variations,  ranging  from  1.26  to  1.83  times  the 
steady  flow  value.  Surveys  made  with  a single  hot-trire  indicated  that  in  this  flow, 
vortical  disturbances  shed  from_the  leading  edge  region  were  being  conveoted  downstream 
with  an  average  velocity  of  0.70*  (see  Figure  10).  Mean  velocity  profiles  indicated 
a large  ’flapping”  motion  of  the  separated  region  which  was  synchronous  with  the 
oscillating  freestream  (see  Figures  12) . This  should  be  compared  with  the  Isoundary 
layer  thickness  along  the  chord  at  an  angle  smaller  than  the  critical  angle  (see 
Figure  11) . The  structure  of  the  separated  flow  with  large  k,  needs  to  be  investigated 
further  using  two  moveable  flow  sensors. 
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SoM  of  the  phenomena  described  above  are  revealed  by  the  samples  of  educted 
boundary  layer  profiles  shown  in  Figures  13  and  14.  These  profiles  were  obtained 
during  the  high  frequency  oscillations  at  a number  of  phase  points  of  the  cycle, 
with  the  airfoil  set  at  the  sub-critical  angle.  Figure  13  shows  the  cyclic  changes 
in  the  boundary  layer  near  the  leading  edge  at  a location  which  is  occupied  by  the 
laminar  separation  bubble  during  a part  of  the  cycle.  Figure  14  shows  profiles  that 
were  taken  farther  downstream. 

As  far  as  the  effects  of  the  leading  edge  trip  are  concerned  no  significant 
difference  was  observed  between  the  flows  with  2Uid  without  the  leading  edge  trip, 
except  for  the  presence  of  the  separation  bubble  in  the  latter  case.  The  turbulent 
boundary  layers  generated  by  the  trip  eund  the  separation  bubble  showed  a similar 
development  over  the  airfoil  chord,  revealing  increasingly  large  frequency-dependent 
phase  shifts  in  the  velocity  relative  to  the  freestream  towards  the  trailing  edge. 

The  tripped  boundary  layer  was  thinner  than  the  untripped  boundary  layer  near  the 
leading  edge  but  thicker  near  the  trailing  edge.  Also  tne  tripped  boundary  layer 

separated  somewhat  upstream  of  the  corresponding  untrlpped  boundary  layer.  Since  the  i 

trip  provided  uniform  transition  throughout  the  oscillating  cycle,  it  may  be  particularly  ' 

useful  in  meUcing  comparisions  with  theoretical  computations  of  unsteady  turbulent  ; 

boundary  layers . 

/ 

SUMMARY  AND  CONCLUSIONS 

At  the  moderate  amplitude  ratios  (N  > 0.18-0.19)  of  our  experiments,  the 
following  major  findings  were  made:  ^ 

(a)  The  angle  of  stall,  is  about  the  same  in  steady  and  oscillating  flows. 

(b)  At  a low  frequency  (f-2.22  Hz,  k - 0.18)  of  freestream  oscillation, 

the  flow  over  the  airfoil  is  quasi-steady  at  emgles  both  above  and  below 

“crif 

(c>  At  a high  frequency  (f  - 9.66  Hz,  k « 0.9)  at  angles  below  the  global 

features  of  the  flow  (e.g.,  the  force  coefficients)  are  again  quasi-steady. 

However,  the  details  of  the  flow,  specifically  the  leading  edge  separation 
bubble,  show  more  pronounced  unsteady  effects  than  in  (b) . 

(d)  At  a high  frequency,  Md  emgles  above  the  flow  field  around  the 

airfoil  is  conq>letely  different  from  that  in  steady  flow.  There  are  large 
periodic  fluctuations  in  the  instantaneous  normal  force  coefficients  and 
the  average  value  of  the  coefficient  is  60%  larger  than  in  steady  flow. 

(e)  At  angles  below  tripping  of  the  boundary  layer  at  the  leading  edge 

of  the  airfoil  eliminates  the  separation  bubble  throughout  the  oscillation 
cycle.  However,  the  overall  flow  field  does  not  differ  significantly  from 
the  flow  in  the  untripped  case.  This  is  suggestive  of  Reynolds  number 
Independence  of  the  oscillating  flows. 

Below  the  emgle  of  static  stall  the  minor  chemges  in  the  boundary  layer  structure 
and  local  separation  should  make  it  possible  in  that  region  to  attack  the  problem 
analytically  with  confidence.  A possible  approach  would  be  to  determine  first  the 
inviscid  unsteady  pressure  distributions,  and  to  modify  these  by  means  of  turbulent 
boundary  layer  calculations  starting  from  the  point  of  closure  of  the  bubble  with 
steady  flow  pressure  distributions  serving  as  a guide. 

Above  the  angle  of  static  stall  the  changes  are  sufficiently  drastic  suggesting 
that  proper  wind  tunnel  simulation  of  the  dynamic  stall  of  helicopter  rotors  may 
require  combining  the  oscillations  of  the  airfoil  with  those  of  the  freestream. 

REFERENCES 

(1)  McCroskey,  H.J. , and  Fisher,  R.K. , Jr.,  "Detailed  Aerodynamic  Measurements 
on  a Model  Rotor  in  the  Blade  Stall  Regime,”  J.  American  Helicopter 
Society,  Vol.  17,  No.  1,  1972. 

(2)  McCroskey,  N.J.,  "Recent  Developments  in  Dynamic  Stall",  Sysqposium  on 
University  Aerodynamics,  Tucson,  March  1975. 

(3)  Miller,  J.A. , and  Fejer,  A. A.,  "Transition  Phenomena  in  Oscillating 
Boundary  Layer  Flows",  J.  Fluid  Mechanics,  Vol.  18,  1964. 


(t)/0 


Figur*  1.  Teat  Section  ExperlMntel  Set-up 


DYNAHIC  STALL  OF  AN  OSCILLATING  AIRFOIL 
Unmeel  B.  Nehta* 

Ames  Research  Center,  NASA.  Moffett  Field,  California  9403S,  U.S.A. 


23-1 


SUMMARY 

Unsteady,  separated  boundary  layers  and  wakes  are  studied  by  Investigating  flow  past  an  oscillating 
airfoil  which.  In  part,  models  the  retreating-blade  stall  on  the  helicopters.  The  Navler-Stokes  equations 
In  terms  of  the  vortlclty  and  stream  function  for  laminar  flow  are  solved  to  determine  the  flow  field 
around  a modified  NACA  0012  airfoil.  The  conputatlons  are  done  for  two  cases:  (1)  R ■ 5,000  and  k « O.S, 
and  (2)  R « 10,000  and  k ■ 0.25,  where  the  Reynolds  number  R Is  based  on  airfoil  chord,  and  the  reduced 
frequency  of  oscillation  k Is  based  on  half  chord. 

After  a fully  developed  flow  Is  determined  at  zero  Incidence,  the  airfoil  Is  oscillated  In  pitch 
through  an  angle-of-attack  range  from  0°  to  20°.  The  computed  streamlines,  during  this  pitch-up  motion, 
are  In  qualitative  agreement  with  the  trajectories  of  air  bubbles  observed  In  ONERA  water  tunnel  experi- 
ments conducted  with  a NACA  0012  airfoil  under  the  same  conditions.  However,  during  the  pitch-down  motion 
of  the  airfoil,  the  computed  flow  patterns  cannot  be  compared  with  the  experiments  because  the  trajectories 
of  air  bubbles  Intersect.  An  analysis  of  these  patterns  Is  done  to  gain  Insight  Into  the  fundamental 
mechanisms  of  dynamic  stall  on  oscillating  airfoils. 

1 . INTRODUCTION 

Engineers  are  Increasingly  confronted  with  problems  which  require  a thorough  understanding,  prediction, 
and  control  of  unsteady  fluid  dynamic  effects  (Ref.  1).  The  most  complex  of  these  effects  are  the  ones 
which  Involve  flow  separation.  Buffet  of  the  wing,  tall,  or  control  surfaces  of  an  aircraft  during  a 
rapid  pull-up  maneuver,  stall  flutter  of  marine  propellers,  rotating  stall  of  compressors,  and  retreating- 
blade  stall  of  helicopter  blades  are  a few  examples.  The  common  features  of  these  problems,  unsteady 
separated  boundary  layers  and  wakes,  are  studied  In  this  paper  by  Investigating  flow  past  a pitching 
airfoil  (Fig.  1),  which  partially  models  the  retreating-blade  stall  on  helicopter  blades.  The  primary 
objective  Is  to  gain  some  physical  Insight  into  dynamic  stall  on  pitching  airfoils.  The  secondary  objec- 
tive Is  to  develop  a numerical  technique  which  satisfactorily  solves  moderate  Reynolds  number,  external 
flow  problems.  The  motivations  behind  these  objectives  are  discussed  below,  starting  with  a brief  descrip- 
tion of  the  dynamic  stall  problem.  (Further  details  concerning  this  problem  may  be  found  In  a review  paper 
that  M.  Phlllipe  Is  presenting  at  this  symposium.) 

When  a helicopter  Is  In  forward  flight,  the  local  approaching  airflow  relative  to  the  Individual 
blade  varies  periodically  with  large  amplitude  fluctuations  In  magnitude,  chordwise  Incidence,  and  yaw 
angle.  This  produces  unsteady  three-dimensional  transonic  effects  on  the  advancing  blade  and  stall  on  the 
retreating  blade.  The  spanwise  component  of  velocity  U cos  nt  (Fig.  2),  and  the  centrifugal  effects  due 
to  blade  rotation  appear  to  play  a minor  role  during  the  Initial  stages  of  the  stall  development,  which 
occur  for  180°  < ♦ < 270°,  where  ♦ • ot  (Refs.  2 and  3).  Therefore,  the  retreating-blade  stall  problem 
can  be  treated  as  the  dynamic  stall  on  a two-dimensional  airfoil  oscillating  sinusoidally  In  pitch  In  an 
airstream  of  varying  velocity. 

Generally,  experimenters  study  either  the  case  of  an  oscillating  airfoil  In  a steady  flow  or  that  of 
oscillating  airflow  past  a stationary  airfoil.  In  oscillating  airfoil  studies,  frequently  the  flow 
Includes,  before  dynamic  stall,  laminar  separation  on  the  upper  surface  near  the  leading  edge,  transi- 
tion to  turbulence  In  the  separated  shear  layer,  and  reattachment  of  this  shear  layer  forming  a separation 
bubble.  Subsequently,  the  turbulent  boundary  layer  separates  near  the  trailing  edge.  Recently, 

McCroskey  et  (Ref.  4)  reported  that  this  attached  turbulent  boundary  appears  to  break  down,  causing 
the  a1rfolT~to  stall  In  three  different  ways:  (1)  the  classical  tralling-edge  stall  resulting  from  the 
gradual  upstream  extension  of  the  separated  region;  (2)  the  abrupt  turbulent  separation  on  the  forward 
portion  of  the  airfoil,  following  an  Initial  progression  of  flow  separation  from  the  tralling-edge; 
and  (3)  the  leading-edge  bubble  bursting  mechanism.  Previously,  Ham  (Ref.  5)  and  Ham  and  Garelick  (Ref.  6) 
had  provided  a conceptual  description  of  how  dynamic  stall  proceeds.  A vortexllke  disturbance  grows  near 
the  leading  edge,  breaks  out  of  the  boundary  layer,  and  passes  over  the  upper  surface  of  the  airfoil. 

This  description  applies  to  case  (3)  above  and  possibly  to  cases  (l)  and  (2). 

The  passage  of  the  vortexllke  disturbance  over  the  upper  surface  of  the  airfoil  distorts  the  chortKtlse 
pressure  distribution  which  produces  transient  forces  and  moments  that  are  significantly  different  from 
those  observed  during  static  stall.  Prediction  of  these  unsteady  loads  and  the  unsteadiy  separated  boundary 
layer  Is  Impossible  with  traditional  potential-flow  theory,  boundary- layer  theory,  and  thin-layer  approxi- 
mations. In  addition,  the  eaplrlcal  modeling  procedures  In  current  use  are  unsatisfactory  for  predicting 
loads  In  engineering  applications.  These  procedures  await  a better  theoretical  understanding  of  dynamic 
stall  (Ref.  7).  The  Inherent  limitations  of  the  above  approaches  and  the  engineering  procedures  can.  In 
principle,  be  overcome  by  the  use  of  the  Navler-Stokes  equations.  In  addition,  the  main  advantage  of  the 
solution  of  these  equations  Is  that  all  of  the  details  of  the  flow  field  are  available,  which  Is  never 
true  In  experiments. 

The  solutions  of  the  Navler-Stokes  equations  still  require  modeling  of  transition  and  unsteady 
turbulence.  Although  substantial  advances  have  been  made  over  the  past  decade  In  the  prediction  of  simple 
turbulent  flows,  regions  Involving  moderate  or  large,  separated,  turbulent  flows  cannot,  at  present,  be 
quantitatively  predicted  satisfactorily.  In  the  case  of  small  separated  regions.  It  Is  not  always  pos- 
sible to  predict  both  the  skin  friction  or  the  surface  pressure  distribution  simultaneously.  In  addition. 
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much  work  needs  to  be  done  in  predicting  transition  and  unsteady-in-the-mean  turbulent  flows,  particularly 
when  the  characteristic  time  scales  for  transition  and  turbulence  are  different. 

As  discussed  above,  the  main  features  of  dynamic  stall  are  unsteadiness,  flow  separation,  transition, 
and  turbulence.  We  consider  here  only  the  first  two.  The  theoretical  approach  described  by  Mehta  and 
Lavan  (Ref.  8)  for  stationary  airfoils  is  extended  to  treat  oscillating  airfoils.  The  governing  equations 
in  terms  of  the  vorticity  and  stream  function  for  laminar,  unsteady,  incompressible  flow  of  a Newtonian 
fluid  are  solved  numerically  around  an  oscillating  modified  NACA  0012  airfoil.  In  Ref.  8,  these  equations 
were  solved  using  a successive  over-relaxation  procedure  with  an  implicit  finite  differencing  of  the 
vorticity  equation.  In  the  present  study,  the  vorticity  equation  is  solved  with  an  implicit  factored 
algorithm;  and  the  stream-function  equation  is  solved  using  a direct-solution  procedure. 

A few  conments  concerning  computation  of  viscous,  external  flow  problems  are  in  order.  Currently, 
there  is  a Reynolds  number  restriction  on  laminar  flow  simulations.  To  different  investigators,  the 
actual  value  of  this  Reynolds  number  limit  is  different.  This  restriction  primarily  arises  because  all 
scales  of  fluid  motions  are  not  resolved  during  the  computation  of  the  flow  field.  Usually,  high  frequen- 
cies or  short-wave  lengths  in  the  Fourier  sense  are  not  properly  represented.  These  unresolved  scales  have 
a tendency  to  grow  and  contaminate  or  distort  some  of  the  scales  that  are  resolved,  thus  making  the  computa- 
tions meaningless  at  times.  This  situation  becomes  worse  as  the  kinematic  viscosity  is  decreased.  On  the 
other  hand,  in  turbulent  flows,  the  effective  eddy  viscosity  is  generally  two  or  three  (or  more)  orders 
of  magnitude  larger  than  the  kinematic  viscosity.  This  greatly  helps  the  turbulent,  "Navier-Stokes" 
computations.  For  the  present  study,  in  order  to  compute  laminar  flows  satisfactorily  at  moderate  Reynolds 
number,  R ~ 0(10“*),  by  resolving  higher  frequencies  than  those  resolved  by  second-order  schemes,  a higher 
order  numerical  technique  was  developed. 

The  rest  of  the  paper  is  outlined  as  follows:  Section  2 presents  governing  equations  in  rotating 
or  body  coordinate  system  with  initial  and  boundary  conditions.  The  numerical  procedure  is  presented  in 
Section  3 to  solve  these  equations.  In  Section  4,  we  give  the  actual  problem  definition,  parameters  that 
are  considered,  some  preliminary  remarks  and  results.  Section  5 discusses  results  for  R * 5,000  and 
k • 0.5  and  R • 10,000  and  k • 0.25,  where  the  reduced  frequency  k expresses  the  ratio  of  angular 
velocity  of  oscillation  to  the  velocity  of  flight.  The  final  section  presents  concluding  remarks. 

2.  THEORETICAL  FORMULATION 

The  field  exterior  to  a Joukowski  airfoil  or  a cylinder  is  mapped  into  a unit  circle  using  the  trans- 
formation 


where  z • x + iy,  k • re’  , y • e + in,  a is  the  angle  of  attack,  and  o is  a real  constant.  The  value 
of  a fixes  the  origin  of  the  coordinate  system  along  the  chord  about  which  the  airfoil  may  be  oscillated. 
The  shape  of  the  trailing  edge  of  the  airfoil  is  controlled  by 
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where  0 < S « 1. 


In  place  of  Eq.  (1),  the  conformal  transformation  procedure  of  Theodorsen  and  Garrick  (Ref.  9)  could 
be  used  to  transform  any  two-dimensional  body  into  a circle,  as  recently  demonstrated  by  Ives  (Ref.  10). 

The  theoretical  formulation  and  numerical  procedures  given  below  are  still  applicable  as  long  as  the 
Jacobian  of  transformation  is  nonzero  everywhere.  On  the  other  hand,  the  procedure  of  Thompson  et  iQ^. 

(Ref.  11)  introduces  cross  derivative  terms  whenever  there  is  a Laplacian  operator  in  the  govemTng 
equations  of  the  physical  plane  z.  Consequently,  these  authors  have  used  time-consuming,  successive, 
over-relaxation  procedure  to  solve  the  governing  equations  in  the  transformed  plane.  Steger  (Ref.  12)  has 
invoked  thin-layer  assumptions  and  neglected  these  cross  derivative  terms.  In  the  present  moderate  Reynolds 
nunt)er  study,  these  terms  are  significant  near  the  trailing  and  leading  edges,  the  front  stagnation  point, 
and  in  the  vicinity  of  separation  and  reattachment  points  for  flow  fields  that  contain  large  separated 
regions  and  when  the  airfoil  is  at  large  Incidence. 

The  Navier-Stokes  equations  for  an  inconpressible  fluid  In  an  inertial  or  fixed  coordinate  system  is 


Mi\  I 
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where  subscript  I refers  to  inertial  coordinate  system.  The  Reynolds  number  is  R • ui/v 
where  t and  v are,  respectively,  the  chord  length  and  kinematic  viscosity.  Variables  5,  p,  and  L are 
dimensionless  velocity,  pressure,  and  chord  length,  respectively.  The  free-stream  velocity  U and  the 
radius  of  the  circle  a to  which  the  airfoil  is  transformed  are  the  characteristic  scales.  (The  radius 
of  the  circle  is  taken  as  a characteristic  length  for  the  convenience  of  computing  in  the  interior  of  a 
unit  circle.)  The  characteristic  time  T is  chosen  such  that  UT/a  • 1. 

If  the  coordinate  system  representing  z in  Eq.  (1),  as  shown  in  Fig.  3 is  fixed  with  respect  to 

re  airfoil  which  is  rotating  with  angular  velocity  n,  relative  to  the  inertial  system,  the  velocity 
relative  to  the  rotating  coordinate  system  of  a point  located  by  the  vector  ? is  given  by 

5 + (5xr  (4) 

The  angular  velocity  is  defined  positive  in  counter-clockwise  direction.  Equation  (3)  in  the  rotating 
system  is 
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This  equation  In  ic-plane  In  tenes  of  the  vorticity  u Is 
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with  the  streaia  function  y defined  by 


where 


h2  . (Mil  . 
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(5) 


(6) 


(7) 


Equations  (6.)  and  (7),  respectively,  describe  the  kinetic  and  kinematic  aspects  of  the  flow  field. 
Furttewre.  they  are  valid  both  on  the  boundary  and  In  the  Interior  of  the  computational  domain  as  Is 
Eq.  (5). 


as 


The  problem  of  grid  resolution  In  the  radial  coordinate  Is  addressed  by  transforming  the  variable  r 


p • !k,  ♦ k2)*‘[tanh->{rk3  - k^)  + kj] 


(8) 


with 


k]  ■ (unh  ki  ♦ tanh  kjICI  - r^^/lr^j  - 1)] 
and 


k^  ■ tanh  k2  - r^(tanh  k)  ♦ tanh  k2)/(rjj  - 1) 


The  constants  r^,  ki,  and  k2  (all  positive)  determine  the  value  of  p.  As  r varies  from  rn  to  1, 
p varies  from  0 to  1.  The  stretching  function  (8)  Is  Introduced  to  obtain  a better  distrlbutton  of  grid 
points  In  the  physical  plane.  Constant  Increments  In  p give  more  condensed  grid  spacing  next  to  the 
surface,  and  less  expanded  spacing  away  from  it  than  that  given  by  constant  Increments  In  r.  Equations  (6) 
and  (7)  are  rewritten  for  computational  convenience  using  Eq.  (8)  as 


T ■ ♦ + y + f (x*  + y2) 


Both  Eqs.  (9)  and  (10)  are  subjected  to  periodicity  In  e direction.  On  the  surface  (p 
constraint  of  no  slip  Is  applied  In  the  form 
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(11) 

(12) 

1).  the 

(13) 

(14) 


The  kinematic  condition  of  vanishing  velocity  coaponent  normal  to  the  surface  Is  given  by  the  condition  (13). 
and  the  dynamic  condition  of  zero  tangential  velocity  component  Is  specified  by  Eq.  (14).  These  together 
give  the  surface  vorticity  from  kinematic  Eq.  (7)  as 


m • 


(15) 


Drs.  Kinney  and  Mu.  who  are  separately  presenting  at  this  symposium  their  method  of  calculating 
external  flow  fields,  determine  the  surface  vorticity  differently.  Their  approach  and  the  present  one 
(Eq.  15).  both  give  the  value  of  vorticity  on  the  surface  that  would  enforce  the  no-sllp  condition. 

Mu  (Ref.  13)  primarily  objects  to  the  manner  In  which  expressions  like  Eq.  (15)  are  Implemented  In  a 
nuaarlcal  procedure.  He  does  not  object  to  the  kinematic  relations  (7)  and  (15).  The  question  of  how 
Eq.  (15)  Is  l^lemented  In  the  present  study  Is  taken  up  In  the  next  section. 

The  flow  at  the  far  boundary  Is  governed  with  first-order  differential  relations  obtained  from  the 
Navler-Stokes  equations  by  dropping  the  tangential  derivative  of  the  pressure  and  viscous  tenas.  I.e.. 
the  Inertia  terms  are  dominant: 
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In  which  U2  Is  obtained  from  the  e-component  of  the  Navler-Stokes  equation: 
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The  velocity  components  In  terns  of  the  disturbance  stream  function  i are  defined  as 


0^  3(x^  ♦ y^)1 
5rff  30  I 


1 fit  + ly  + 0 9(*^  * y^) 

rH  |_3e  30  2 30 


and 


U2 


(18) 


(19) 

(20) 


The  main  difficulty  In  specifying  the  downstream  boundary  conditions  across  a wake  Is  that  the 
boundary  values  are  part  of  the  solution  and  hence  not  known  a priori.  The  above  boundary  conditions  are 
based  on  physical  Insight  Into  the  nature  of  the  flow  at  the  boundary,  and  therefore,  they  are  more 
appropriate  than  to  specify  either  potential  flow  or  uniform  velocity  since  "eddies"  or  vortices  can  pass 
through  the  downstream  boundary  at  the  local  velocity.  In  addition,  since  the  velocity  at  the  boundary 
Is  not  specified.  It  can  change  with  time  as  the  vorticity  field  changes  In  the  flow  field.  In  Eq.  (18), 
the  absence  of  the  tangential  pressure  derivative,  will  not  significantly  affect  the  motion  of  a vortex 
through  the  downstream  boundary  (where  also  the  grid  resolution  usually  Is  not  satisfactory).  In  addition, 
the  overall  flow  field  near  the  surface  would  not  be  affected  because  the  downstream  boundary  Is  several 
chord  lengths  away  from  the  trailing  edge.  These  boundary  conditions  have  been  used  satisfactorily  by 
Mehta  and  Lavan  (Ref.  8)  for  a stalled  stationary  airfoil.  Lugt  and  Haussling  (Ref.  14)  and  Lugt  and 
Ohring  (Ref.  15)  have  used  successfully  a similar  set  at  the  downstream  half  of  the  boundary.  The  primary 
difference  Is  that  they  have  used  the  free-stream  velocity  as  a convection  velocity  Instead  of  the  local 
velocity.  On  the  other  hand.  In  the  Integro-differentlal  formulation  (Ref.  16),  the  domain  of  computation 
must  be  Increased  as  time  advances,  because  vorticity  cannot  be  allowed  to  escape  the  downstream  boundary. 

Equation  (18)  Is  solved  all  along  the  outer  boundary  when  solutions  of  flow  past  a stationary  airfoil 
are  determined.  However,  the  oscillating  airfoil  results  are  obtained  with  Eq.  (18)  applied  only  along 
the  downstream  half  of  the  boundary,  and  the  free-stream  velocity  prescribed  along  the  upstream  half  of  the 
boundary.  This  change  for  oscillating  airfoil  was  necessary  when  a fourth-order  scheme  was  used  for  Eq.  (18) 
because  2ae  oscillations  (where  ae  Is  a grid  Increment)  near  the  upstream  stagnation  streamline  were 
difficult  to  control  even  with  added  numerical  dissipation.  The  prescription  of  free-stream  velocity 
results  Into  following  boundary  conditions  from  e * w/2  to  3(w/2): 

uj  • 0 (21) 
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The  Initial  condition  for  computing  flow  field  past  a stationary  airfoil  Is  Irrotatlonal  flow  (without 
circulation),  I.e.,  w < 0.  It  Is  determined  by  solving  Eq.  (10)  with 

-f)  («) 

at  the  outer  boundary  and  on  the  surface.  The  confuted  results  for  the  oscillating  airfoil  are 
determined  after  a fully  developed  flow  Is  obtained  at  zero  Incidence. 


The  surface  pressure  distribution  Is  obtained  by  Integrating  the  tangential  coaponent  of  the  Navler- 
Stokes  Eq.  (5); 


do  1 3(x2  * 
3t  ? 3F 


-f 


(24) 


The  constant  p.  Is  determined  such  that  p from  Eq.  (24)  at  a grid  point  on  the  surface  Just  upstream 
of  the  front  stagnation  point  Is  the  same  as  that  obtained  from  Integration  of  the  radial  component  of 
Eq.  (5): 
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The  constant  of  Integration  In  this  case  Is  the  defect  In  the  kinetic  energy,  1.0  • (ui^  *■  ui^)i,  at  the 
upstream  boundary. 
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The  pressure  coefficient  Cp  Is  equal  to  2p.  On  the  surface,  the  tangential  stress  Is  given  by 
(L/R)«i.  Both  p and  012  are  made  dimensionless  with  pU^.  The  conventional  expressions  for  the 
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coefficients  of  lift,  drag,  and  moment  around  the  origin  of  the  z plane,  which  Is  also  the  point 
of  oscillation,  are: 
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where  the  subscripts  P and  F,  respectively,  represent  the  contributions  due  to  pressure  and  viscous  forces, 
and  where  the  moment  Is  considered  positive  In  the  clockwise  direction. 


Equations  developed  In  this  section  are  valid  for  both  stationary  airfoil  (a  • 0)  and  the  oscillating 
airfoil.  Hence,  the  same  conputer  program  may  be  used  for  determining  flow  past  either  one  of  these 
airfoils. 


3.  COMPUTATIONAL  PROCEDURES 

The  vorticity  Eq.  (9)  may  be  solved  In  a number  of  ways.  One  needs  to  use,  however,  an  Implicit 
method  for  the  viscous  terms,  since  the  time  step  restriction  of  an  explicit  method  becomes  severe  for 
moderate  Reynolds  number  flows.  A numerical  scheme  may  be  devised  such  that  the  convective  and  viscous 
terms  are  respectively  treated  explicitly  and  Implicitly.  However,  for  the  sake  of  simplicity  and  uni- 
formity In  computer  progranmlng,  we  consider  Implicit  schemes  for  both  convective  and  viscous  terms.  As 
stated  In  Section  2,  the  point  or  line  successive  over-relaxation  (SOR)  procedure  for  the  1iit>11c1t  f..  'te- 
dlfference  representation  of  this  equation  Is  extremely  time  consuming  for  long  time  computations  of 
moderate  Reynolds  number  flows  on  machines  comparable  to  the  CDC  7600.  The  other  possible  candidates  are 
the  strongly  Implicit  procedure  (SIP)  proposed  by  Stone  (Ref.  17)  or  one  of  the  fractional -step  methods 
(Ref.  18)  such  as  the  alternating-direction  Implicit  methods  (Ref.  19)  which  result  from  approximate 
factorization.  Instead  of  using  these  methods,  an  exact  factorization  procedure  Is  developed  as  discussed 
below. 


The  SIP  method  requires  Dirichlet  boundary  conditions,  and  we  have  periodicity  In  e direction. 

Lin  et  (Ref.  20)  studied  the  Karman  vortex  street  from  a circular  cylinder  with  this  method  by  fixing 
the  front  stagnation  point  and  assigning  the  value  of  vorticity  along  the  e line  radiating  from  this 
stagnation  point.  However,  during  the  phenomena  of  vortex  shedding  from  the  upper  and  lower  surface  of  the 
cylinder,  the  location  of  the  stagnation  point  does  move.  Uu  and  Sampath  (Ref.  21)  have  used  the  SIP 
method  to  determine  flow  past  an  airfoil.  They  have  divided  the  solution  domain  Into  four  blocks  along 
constant  e lines,  applied  the  SIP  method  In  each  block,  and  used  the  line  SOR  method  for  obtaining  vortic- 
ity values  along  the  dividing  constant  e lines.  This  pirocedure  Is  questionable  for  long  time  computations 
with  time  Increments  larger  than  for  an  explicit  scheme  because  the  Implicit  coupling  between  the  blocks  Is 
destroyed.  Sampath  (Ref.  48)  does  overcome  this  limitation  by  Iterating  (without  upgrading  stream  function) 


The  domain  bounded  by  0 s 6 s 2v  and  pq  s p s 1 Is  divided  Into  a rectangular  network.  The  Incre- 
ments e,  p.  and  t are  specified  by  ae,  ap,  and  at  with  1,J,  and  n as  the  corresponding  Indices. 

A time-implicit  form  of  the  vorticity  Eq.  (9)  Is 


» I 

(t  2at  ..  n\  /,  2at  . n\  n _ 1 n-i  , » n-2\  . 4a t*  *p 

V ■ jnr  m’  ■ ATT  »p  hi  ■ -TT  V2“i  ♦ Tjwj  ; ♦ -jr 


" n 

• n . 

T—  We  ♦ 


0(at"*‘) 


(26) 


where 


and 
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(27) 


dp  R »(»"/»p) 
dr  L »e 


(28) 


The  three-point  backward  time  differencing  Is  given  by  Ti  ■ 3,  T2  • -4,  Tj  « 1,  and  m • 2;  whereas,  the 
two-point  backward  difference  Is  formulated  with  Tj  • 2,  T2  ■ -2,  Tj  ■ 0,  and  m ■ 1.  The  latter  formula- 
tion 1$  used  following  the  Impulsive  start  and  whenever  the  time  step  Is  cut  In  half,  for  the  next  two  time 
steps.  The  operators  3p  and  do  not  coamwte,  and  the  convective  term.  In  these  operators.  Is  In  con- 
servative form.  In  a numerical  procedure  to  solve  Eq.  (26),  one  may  treat  the  cross  derivative  term,  the 
nonlinear  teras  and  the  surface  vorticity  In  several  ways.  A few  of  these  are  discussed  below  and  the 
procedures  used  In  this  study  ara  stated. 

Neglecting  the  cross  derivative  term  from  the  right-hand  side  of  Eq.  (26)  gives  a first-order  time, 
approximate  factorization  procedure.  Further,  the  term  (3e/A)(}p/A)H]  Is  large  around  the  leading  and 
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trailing  edge  of  the  airfoil  at  Incidence.  The  product 


4At^  "e  'g  „ " 


a " 3 " 


therefore,  may  be  larger  than  at*.  On  the  other  hand,  schemes  of  evaluating  this  product  at  either 
n • 1 or  n - 1 and  n - 2 time  levels  may  not  be  satisfactory  In  unsteady  computations,  again  near  the 
leading  and  trailing  edge  of  the  airfoil  at  Incidence. 

The  nonlinear  terms  In  Eg.  (26)  may  be  linearized  In  order  to  avoid  an  Iterative  procedure  for  deter- 
mining f".  In  operators  (27)  and  (28),  If  superscript  n Is  replaced  by  n - 1,  as  Uu  and  Sampath 
(Ref.  21)  have  done,  then  the  numerical  procedure  Is  first  order  In  time.  Another  approach  Is  to  expand 
the  stream  function  In  a Taylor  series  of  time  and  obtain  an  estimate  for  f": 

. t"-*  + o(at*) 

This  gives  formally  a second-order  time  differencing  scheme.  Linearization  procedures  such  as  these  are 
generally  used  with  an  Iterative  scheme  for  determining  the  surface  vorticity  at  n time  level  (see,  for 
example,  Briley,  Ref.  22  and  Briley  and  McDonald,  Ref.  23).  That  Is,  either  the  stream  function  or  velocity 
field  Is  computed  at  each  Iteration  In  order  to  conf)ute  the  surface  vorticity  and  yet,  the  convection  of 
vorticity  near  the  surface  Is  done  with  extrapolated  or  old  (n  - 1)  values  of  velocity.  This  procedure  Is 
particularly  recommended  when  only  steady  state  Is  required. 

In  the  present  unsteady  computations,  the  vorticity  equation  Is  not  linearized,  although  the  number  of 
Iterations  required  for  convergence  of  wall  vorticity  may  be  more  than  when  It  Is  linearized.  Further,  the 
cross  derivative  term  In  Eq.  (26)  Is  retained  at  n time  level.  It  can  be  observed  from  these  discussions 
that  an  attempt  is  made  to  reduce  the  different  sources  of  numerical  error  when  possible. 

Equation  (26)  Is  actually  solved  In  the  following  two  steps: 
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(30) 


The  derivatives  with  respect  to  e variable  in  operator  3.  are  replaced  by  fourth-order-accurate  rational 
fractions  or  Fade  forms  (refs.  24  and  25): 
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(32) 


D^D_f 


(^1+1  * fl.i)/2A0 


(f<+,  - 2fi  + fi.i)/ae* 


These  fourth-order  accurate  expressions  partially  address  the  usual  problem  of  grid  resolution  In  e direc- 
tion. (The  next  section  further  deals  with  this  problem.) 


Using  the  above  expressions,  Eq.  (29)  Is  replaced  by  a set  of  two  equations: 
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(35) 


12  . i 24  . 12  . . .ee  ,/,-ee  . .ee  „ 

'ae7°l-i,j  * ae7°l,j  ' ae7"l+i,J  * °l-i,j  * ’°“l,j  * ®1+i,j  ' ° 

where,  with  s as  the  Iteration  counter, 

.n,s  n,s 

« - 1 n-i  . . n-i»  . 4At*  e p n.s 

" -T7  (Tjw,  ♦ Tjwj  ) + T5-5 r-  ir  “I 

and  the  superscript  e denotes  differentiation  with  respect  to  e coordinate.  Equations  (33)  and  (34) 
give  a periodic  block  tridiagonal  system  with  2x2  blocks  that  Is  solved  to  obtain  fi  for  3*2 
to  JL  - 1.  Except  when  m ■ 1,  at  the  start  of  the  iterative  procedure,  wi"  and  t"  that  appear  In  the 

cross  derivative  term  of  Eq.  (35)  are  respectively  estimated  by  2u|*‘  • and  by  using 
2^n-i  _ ^n-2  estlsiate  of  f".  The  value  of  at  the  wall  1$  given  by  Eq.  (13). 
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Next,  Eq.  (30)  Is  solved  with  a second-order,  central  difference  formulae  for  the  derivatives  with 
respect  to  p.  This  choice  of  a second-order  accuracy  Is  partly  motivated  by  the  fact  that  the  stretching 
function  (8)  gives  the  flexibility  of  appropriately  distributing  the  grid  points  In  p direction.  In 
addition,  the  use  of  rational  fractions  to  achieve  a fourth-order  accuracy  requires  a solution  of  a block 
tridlagonal  system  with  3x3  blocks.  The  finite  difference  form  of  Eq.  (30)  Is 

“'[-('■  *)j  •¥(*■■•  0 'Oj  • ¥ ('  lf)j  f (If),  j.  J'li.j-i  • [«■*>■’  * •“('■  3f)’],  j “Ii,i 

• “'[-('  *);  - f (SI  -*&■"),•  f (r  Si),  f (u),,,,,]  -Im..  ■ 

The  above  scalar  tridlagonal  system  Is  solved  for  1=2  to  IL  - 1 to  determine  ui".  The  derivatives  of 
f In  Eqs.  (33)  and  (36)  are  determined  by  calculating  derivatives  of  <ii  with  fourth-order-accurate 
rational  fraction  of  the  form  given  by  Eq.  (31).  Equations  (33),  (34),  and  (36)  together  give  the  finite- 
difference  form,  with  a truncation  error  of  0[(4p)2  + (Ae)"*  + (At)'"],  of  the  vorticity  equation. 

The  disturbance  stream  function  t|i  Is  computed  from  Eq.  (10)  using  a fourth-order  scheme  both  In 
p and  e directions  below.  The  Fourier  transform  of  1/  and  -H^r^ui  In  Eq.  (10)  gives 

= “ - (37) 

where  ^ and  u are  respectively  the  Fourier  transforms,  superscript  p Indicates  differentiation  with 
respect  to  p 

j;2  , _L2  p - coslk-Ae)]  , . 

* aP^  [s  + cos(k'Ae)J  (3®) 

with  k'  being  the  wave  number.  _^The  above  equation  Is  determined  by  substituting  and  -k^e^*'"®, 

respectively,  for  f and  d^f/de^  In  Eq.  (32)  and  neglecting  the  truncation  error  (Ref.  49).  The 
following  two  equations  are  solved  In  place  of  Eq.  (37)  for  1=2  to  IL  - 1: 
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At  the  airfoil  surface,  3 * JL,  the  no-sllp  cond1]^1on  Is  exactly  enforced  by  specifying  both  4 and  i** 
from  Eqs.  (13)  and  (14).  At  the  outer  boundary,  ♦*’  Is  obtained  from  either  Eq.  (17)  or  (22).  An  addi- 
tional relation  between  $ and  ifi  that  Is  required  at  this  boundary  Is  given  by 


2l>i  + <♦2*^ 


(-Sii  + 4*2  + >3)  = 0 


which  Is  third-order  accurate.  According  to  Kreiss  and  Ollger  (Ref.  26)  and  Bramble  and  Hubbard  (Ref.  27), 
this  decrease  In  order  of  accuracy  by  one  at  the  boundary  may  not  reduce  the  accuracy  In  Interior  of  the 
computational  domain.  The  block  tridlagonal  system  with  2=2  blocks  resulting  from  Eqs.  (39)  and  (40) 
and  the  boundary  conditions  are  solved  from  3 = 2 to  OL  - 1 for  each  value  of  1.  The  Inverse  Fourier 
transform  of  <1  gives  41. 

There  are  two  major  advantages  of  solving  the  stream- function  equation  as  described  above.  First, 
the  stream  functlorr  1$  determined  with  both  the  tangential  and  normal  velocity  exactly  zero  at  the  surface. 
This  alleviates  the  need  to  use  Israeli's  Iterative  procedure  (Ref.  28)  for  determining  surface  vorticity 
such  that  the  Ungentlal  velocity  Is  zero.  Second,  the  surface  vorticity  also  dictates  the  detemri nation 
of  the  stream  function  In  the  Interior,  as  observed  from  the  right-hand  side  of  Eq.  (39),  3ust  as  one  would 
expect  from  the  application  of  Blot-Savart  law.  When  second-order  finite-difference  schemes  are  used  normal 
to  no-$11p  boundary,  we  do  not  have  these  advantages.  However,  the  error  Introduced  by  the  lack  of  these 
advantages  Is  not  serious  as  long  as  It  Is  of  the  same  order  of  magnitude  as  the  truncation  error  of 
discretization  procedure. 

The  surface  vorticity  Is  calculated  from  Eq.  (15)  In  which  8*»/9p2  Is  evaluated  sub3ect  to  zero 
Ungentlal  velocity.  Following  the  derivation  of  Hoods  (Ref.  29),  the  finite-difference  expression  of 
Eq.  (IS)  with  a truncation  error  of  0(Ap2)  Is 

“1,JL  “ *[^  ’l,JL-l  * 'jL-l”?,JL-l"l,JL-i]”i!jL|*  ^ 

Hu  (Ref.  13)  has  shown  with  the  Rayleigh  problem  for  an  Infinite  flat  plate  how  a second-order 
forwia  may  vIolaU  the  principle  of  total  vorticity  conservation  by  Introducing  a grid  point  outside  the 
fluid  domain.  This  Introduction  of  a grid  point  with  "midpoint''  vorticity  values,  that  Is  a second  mesh 
system  for  w.  Is  not  recommended  (Ref.  30).  Further,  Froemi  has  also  considered  the  ateve  Rayleigh  problem 
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and  obviously  stated  that  there  should  "not  be  loss  of  vorticity  as  a consequence  of  transport  or 
diffusion  at  the  wall"  (Ref.  31).  He  has  shown  a way  of  achieving  this  while  introducing  a point 
outside  the  fluid  donMin.  It  appears  that  Uu  has  used  a second-order  formula  which  one  would  not 
use.  Consequently,  his  conclusions  that  second-order  formulae  “are  usually  ad-hoc"  and  "there  are 
serious  uncertainties  regarding  the  range  of  usefulness  of  each  second-order  formula"  are  mis- 
leading. 

The  tangential  velocity  at  the  outer  boundary  is  advanced  by  solving  Eq.  (18)  with  0(Ae‘*)  accuracy: 


+ 2At( 


-.Jl 


where 


The  above  equation  has  been  derived  using  the  "delta"  formulation  of  Harming  and  Beam  (Ref.  32).  ' 

The  computational  sequence  is  as  follows:  solve  Eqs.  (33)  and  (34)  simultaneously;  determine  dii" 
from  Eq.  (36);  obtain  3i|)/3p  with  the  help  of  Eq.  (43)  or  from  Eq.  (22);  solve  Eqs.  (39)  and  (40)  to 
determine  ♦;  and  then  calculate  surface  vorticity  from  Eq.  (42).  This  sequence  is  repeated  until  the 
surface  vorticity  changes  less  than  some  prescribed  value.  In  order  to  speed  up  the  convergence  of  this 
process,  the  surface  vorticity  is  changed  using  the  formula 
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where  is  determined  from  Eq.  (42)  and  s is  the  Iteration  counter.  The  variation  of  8 with  e 

is  given  as 
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where  < 1 and  1 < 8?  s 2.  The  same  sequence  is  used  along  the  upper  surface.  The  basic  reasoning  behind 
this  sequence  is  that  the  flow  around  the  airfoil  is  much  better  behaved  away  from  the  leading  and  trailing 
edge;  and  the  vorticity  near  the  trailing  edge  is  the  most  sensitive  quantity  in  an  iterative  procedure. 


Thfe  arrangement  of  the  block  periodic  tridiagonal  system,  Eqs.  (33)  and  (34)  and  k^  in  Eq.  (39), 
is  changed  at  each  Iteration  so  that  the  round-off  error  does  not  predominantly  accumulate  in  any  one 
location  for  each  value  of  j.  This  is  done  so  that  the  increasing  value  of  1 changes  e as  follows: 
at  sth  Iteration,  e increases  from  0 to  2n  - ie;  at  s ♦ 1 iteration,  it  decreases  from  2it  to  as; 
at  s + 2 Iteration,  it  Increases  from  n to  3*  - a9;  and  at  s ♦ 3 iteration,  it  decreases  from  ir  to 
-»  ♦ AB. 


Oscillations  in  the  vorticity  field  above  some  Reynolds  number  (depending  on  the  physical  problem, 
numerical  scheme,  and  grid  resolution),  in  an  incompressible  external  flow  computation  are  troublesome 
Just  as  the  oscillations  in  dependent  variables  are,  near  shocks  with  shock-capturing  numerical  schemes 
(Refs.  33  and  34).  In  latter  computations  some  numerical  dissipation  is  added  or  schemes  with  Inherent 
dissipations  are  used  to  somewhat  smear  out  the  sharp  gradients  across  shocks.  For  incompressible  computa- 
tions, addition  of  dissipative  terms  has  not  been  tried  so  far  to  control  the  vorticity  oscillations.  On 
the  other  hand,  the  equivalent  of  shock-fitting  technique  is  not  available  for  vorticity  sheet-fitting. 

The  preliminary  results  with  a second-order  numerical  scheme  described  in  the  next  section  for 
R • 10,000  developed  oscillations  at  a - 16®  on  the  upstroke  of  the  airfoil.  See  the  equivorticity 
loops  below  the  trailing  edge  of  the  airfoil  in  Fig.  4.  On  these  loops  the  value  of  vorticity  is  of  0(1), 
which  is  much  less  than  vorticity  in  the  imnediate  neighborhood  of  the  airfoil,  particularly  around  the 
leading  edge.  The  erroneous  vorticity  in  these  loops,  therefore,  does  not  appreciably  effect  the  overall 
flow  pattern.  Unless  these  oscillations  are  controll^  they  tend  to  grow  and  make  the  solution  taeaningless 

Similar  oscillations  were  observed  for  R ■ 5,000,  during  the  downstroke  of  the 
airfoil,  around  the  leading  edge.  These  oscillations  in  vorticity  primarily  appear  in  e direction. 
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Orszag  and  Jayne  (Ref.  3S)  have  reported  for  a linear  hyperbolic  equation  that  the  higher  order 
mthods  give  better  accuracy  and  smaller  amplitude  oscillations  than  the  lower  order  methods.  Because  of 
the  vorticity  oscillations  In  the  preliminary  results  with  a second-order  scheme,  the  fourth-order  scheme 
discussed  above  was  developed.  However,  for  the  present  nonlinear  problem  with  these  fourth-order  scheme 
oscillations  appeared  In  front  of  the  leading  edge  of  a stationary  airfoil  started  Impulsively  at  zero 
Incidence  with  R • 10,000.  Eventually,  It  was  Impossible  to  determine  the  steady-state  solution.  In 
nonlinear  problems.  It  appears  that  higher  order  numerical  methods  require  more  smoothness  In  the  dependent 
variables  than  the  lower  order  methods.  Obviously,  the  former  give  more  accurate  solution  than  the  latter 
when  the  dependent  variables  are  smooth. 

The  computations  presented  In  Section  5 are  determined  with  a sixth-order  dissipative  term  added  to 
both  the  vorticity  Eq.  (26)  and  the  tangential  momentum  Eq.  (43),  see  also  Section  2.  To  the  right-hand 
side  of  Eq.  (35)  and  Eq.  (44),  respectively. 
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(48) 


Is  added.  The  variable  Bj  Is  a constant.  Central  finite  differences  are  used  to  discretize  these  terms. 
Computations  of  pressure  coefficients  on  the  surface  and  loads  are  conducted  as  In  Ref.  8. 


4.  PRELIMINARY  REMARKS  AND  RESULTS 

The  computations  were  conducted  for  R = 5,000  and  R » 10,000  respectively  with  ki  • ^2  • 2.0, 
and  ki  ■ 2.25,  and  k2  • 2.0  In  transformation  (8).  The  grid  distribution  Is  determined  from  IL  « 130, 

JL  • 84,  and  r^  • 0.04.  The  shape  of  the  airfoil  Is  defined  by  c « -0.0647384,  n • 0,  and  « ■ 0.04  In 
Eq.  (2).  The  above  value  of  rq  corresponds  to  a distance  of  about  6.4  chord  lengths  from  the  trailing 
edge  of  the  airfoil,  where  the  downstream  boundary  Is  placed.  In  the  vicinity  of  the  airfoil,  the  grid 
distribution  for  R > 10,000  computations  Is  shown  In  Fig.  5.  The  above  constants  defining  the  shape  of 
the  airfoil  give  a modified  NACA  0012  airfoil.  It  has  a 12.0011X  thick  synnetrlc  profile  with  maximum 
thickness  at  30.71*  chord  length  and  with  the  leading-edge  radius  of  curvature  of  1.4178*  chord.  These 
statistics  are  valid  for  IL  « 130.  The  differences  around  the  leading  and  trailing  edge  between  the 
modified  and  unmodified  NACA  0012  airfoil  (Fig.  6)  give  primarily  different  Inviscid  pressure  coefficients 
near  the  trailing  edge  (Fig.  7). 

After  a fully  developed  flow  Is  determined  at  zero  Incidence,  the  airfoil  Is  oscillated  In  pitch 
(Fig.  1)  through  an  angle-of-attack  range  from  0“  to  20°  given  by  a • 10°  (1  - cos  ft).  The  computations 
are  done  for  two  cases;  (1)  R ■ 5,000  and  k » 0.5,  and  (2)  R • 10,000  and  k « 0.25,  where  the  reduced 
frequency  of  oscillation  Is  based  on  half  chord,  k • ft/2U.  The  pitch  axis  Is  located  at  the  quarter- 
chord  point  with  o ■ -0.917095  and  a * 0 In  Eq.  (1). 

Some  of  the  computed  results  are  presented  In  the  form  of  Instantaneous  streamlines  both  In  Inertial 
and  rotating  frame  of  reference.  These  are  compared  with  flow  visualization  pictures  obtained  by  Werle 
(Ref.  36)  with  a NACA  0012  airfoil  under  Identical  conditions.  The  experiments  were  carried  out  with  air 
bubbles  In  the  water  tunnel  of  Chatlllon  as  described  In  Ref.  37.  Photographs  showing  air  bubble  trajec- 
tories with  black  airfoils  for  R • 5,000  and  k * 0.5,  other  photographs  with  air  bubbles  (from  Ref.  36) 
and  the  dye  pictures  were  respectively  taken  at  an  exposure  time  of  1/10,  1/28  and  1/1000  sec  (Ref.  38). 
Therefore,  In  unsteady  flow  the  air  bubble  trajectories  near  the  surface  of  the  airfoil  represent  neither 
streamlines  (Ref.  38)  nor  streakllnes  (Ref.  39}  as  the  pictures  are  of  many  paths  over  the  exposure  time. 

In  addition,  these  pictures  are  taken  In  the  Inertial  frame  of  reference.  These  points  should  be  kept  In 
mind  while  comparing  the  computed  streamline  patterns  with  the  experimental  air  bubble  trajectories. 

As  In  Ref.  8,  the  unsteady  Instantaneous  separation  point.  In  the  rotating  coordinate  system.  Is  the 
point  at  which  the  surface  (or  zero)  streamline  bifurcates.  This  Is  the  point  at  which  Instantaneously 
both  vorticity  and  velocity,  defined  In  the  rotating  coordinate  system,  are  zero.  This  latter  definition 
allows  for  bifurcation  of  a streamline  In  the  flow  field.  Sears  and  Tellonis  (Ref.  40)  have  proposed  a 
definition  of  separation  point  as  a point  at  which  the  Goldstein  (Ref.  41)  singularity  appears.  This 
singularity  Is  a pecularlty  of  the  boundary- layer  equation  and  not  of  the  Navler-Stokes  equation.  In  this 
study,  the  reattachment  point  Is  the  unification  point  of  the  two  branches  of  streamlines  formed  at  the 
separation  point.  A bubble  Is  a region  enclosed  by  zero  streamline  In  the  rotating  coordinate  system. 
Likewise,  a vortex  Is  defined  locally  by  closed  equivorticity  lines  with  a relative  extremum  of  vorticity 
In  the  center.  The  shape  of  the  vortex  or  bubble  need  not  be  circular.  Bubbles  and  vortices  arc  separate 
entitles  that  may  have  some  regions  In  comnon. 

It  Is  generally  believed  that  once  laminar  separation  takes  place  on  the  upper  surface  of  the  airfoil, 
the  flow  cannot  reattach  without  going  through  transition  and  becoming  turbulent.  This  belief  Is  primarily 
based  on  the  work  of  Crabtree  (Ref.  42)  on  leading  edge  laminar  separation  bubbles.  In  explaining  the  above 
flow  reattachment  process  Crabtree  states:  *If  the  bubble  reattaches,  however,  there  must  be  a considerable 
widening  ofthe  streamlines  over  the  rear  end.  This  cannot  be  Imagined  as  a laminar  process  at  the  Reynolds 
number  we  are  concerned  with,  but  Is  more  akin  to  turbulent  mixing  as  It  occurs  In,  say,  a pipe  with  a 
sudden  enlargement  of  cross  section.  He  are,  therefore,  led  to  assume  that  there  Is  transition  to  a turbu- 
lent state  . . . .*  The  phrase,  which  has  been  overlooked.  In  this  quote  Is  *at  the  Reynolds  numbers  we 
are  concerned  with.”  There  Is  a Reynolds  number  below  which,  for  a given  airfoil  shape  and  angle  of 
Incidence,  the  laminar  reattachmcnt  on  the  surface  of  the  airfoil  Is  feasible  (see  Refs.  8,  14,  and  15). 

In  this  study,  bubbles  with  laminar  separation  and  reattachment  are  called  laminar  bubbles  and  the  so-called 
laminar  separation  bubbles  are  called  transition  bubbles. 
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The  preliminary  results  presented  In  this  section  for  the  oscillating  airfoil  were  obtained  using 
second-order  finite  differencing  procedures  both  In  p and  e direction.  The  vorticity  Eg.  (9)  was  solved 
with  the  procedure  given  by  Eqs.  (29)  and  (30).  The  nonlinear  terms  were  represented  using  Arakawa's 
formulation  (Ref.  43)  as  It  was  done  In  Ref.  8.  (This  procedure  was  abandoned  In  the  numerical  procedure 
that  Is  developed  In  the  previous  section  for  the  sake  of  accuracy  and  efficiency.  Ref.  25.)  The  distur- 
bance stream  function  Eq.  (10)  was  solved  using  the  odd-even  cyclic  reduction  procedure  (Ref.  44).  For 
R > 5,000,  Eq.  (18)  was  used  at  all  points  along  the  outer  boundary.  However,  for  R « 10,000,  the  following 
Ing  equation  was  used. 
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The  preliminary  results  determined  using  the  above  numerical  procedures  are  shown  In  Fig.  8 for 
R ■ 10,000  and  k > 0.25.  First  the  Instantaneous  streamlines  In  rotating  coordinates,  which  give  the 
airfoil  chord  aligned  with  the  x axis  are  plotted,  and  then  the  airfoil  Is  rotated  to  give  the  angle  of 
Incidence  corresponding  to  that  In  the  Inertial  frame  of  reference.  Qualitatively,  these  computed  stream- 
lines are  In  excellent  agreement  near  the  trailing  edge  of  the  airfoil  and  In  the  near  wake  region  with 
the  trajectories  of  air  bubbles  observed  In  experiments.  When  R • 5,000  and  k > 0.5,  the  streamline 
pattern  shown  In  Fig.  9 compare  remarkably  well  except  near  the  trailing  edge,  with  air  bubble  paths  shown 
In  Fig.  lOd.  One  of  the  reasons  for  the  difference  Is  that  In  the  experiment,  downstream  of  the  trailing 
edge  the  air  bubbles  are  disorganized  or  the  trajectories  of  the  bubbles  Intersect  locally.  Further 
discussion  of  the  above  results  Is  given  In  the  next  section. 

The  equivorticity  lines  In  Fig.  4 and  Fig.  9 and  elsewhere  In  this  paper  are  plotted  In  the  Inertial 
frame  of  reference.  As  discussed  In  the  previous  section,  the  fourth-order  scheme  with  a sixth-order 
numerical  dissipation  In  e direction  was  developed  In  order  to  Improve  the  resolution  of  the  vorticity 
field  and  alleviate  the  problem  of  oscillations  In  vorticity  field  (Figs.  4 and  9).  In  addition,  the  total 
number  of  points  In  e directions  were  Increased  from  82  In  Ref.  8 to  130.  This  two-sided  attack  on  the 
problem  of  resolution  Is  better  for  the  nwderate  Reynolds  number  computations  than  what  has  been  generally 
done  In  high  Reynolds  number  computations  of  flow  fields  around  airfoils  (Refs.  11,  12,  45,  and  46). 

The  computed  answers  are  obviously  not  the  exact  solutions  of  the  Navler-Stokes  equation  and  the 
continuity  equation.  There  are  engineering  Judgments  and  computational  and  physical  Insight  Involved  In 
deciding  whether  to  accept  the  data  generated  by  a computer.  Just  as  wind  tunnel  data  Is  subject  to  certain 
errors,  the  computed  numbers  are  subject  to  errors.  However,  a careful  attempt  should  be  made  to  minimize 
errors  from  different  sources.  Such  an  attempt  Is  made  In  the  present  study  (see,  for  example.  Section  3). 
Further,  a good  computation  practice  Is  to  study  the  effect  of  grid  size  on  the  solution.  In  the  present 
study,  the  total  number  of  grid  points,  130x84,  are  so  chosen  that  both  small  and  large  core  memory  of 
CDC  7600  are  completely  used  with  most  of  the  auxiliary  variables  required  during  computation  stored  along 
with  the  primary  variables,  stream  function  and  vorticity.  We  do  not  consider  (130x84)/2  grid  points 
sufficient  for  the  present  problem  and  computations  with  2(130x84)  points  are  time  consuming,  at  present, 
as  they  require  a disk  pack  In  addition  to  the  large  core  memory.  Therefore,  the  results  presented  In  the 
next  section  are  at  least  qualitatively  accurate.  Quantitative  validation  must  await  quantitative  experi- 
mental data,  other  numerical  studies  solving  the  same  problem  or  grid  refinement  studies. 

5.  ANATOMY  OF  THE  FLOW  FIELD  AROUND  AN  OSCILLATING  AIRFOIL 

The  numerical  method  described  In  Section  3 Is  used  to  obtain  fully  developed  flow  past  the  modified 
0012  airfoil.  The  pressure  distribution  for  this  flow  are  shown  In  Fig.  7.  These  pressure  coefficients 
are  lower  than  those  for  the  Inviscid  flow  near  the  tralllg  edge  because  the  Reynolds  number  Is  not  high 
enough  and  the  boundary  layer  displacement  effect  Is  appreciable.  When  R < 5,000,  the  pressure  coeffi- 
cients upstream  of  the  trailing  edge  are  slightly  lower  than  for  R « 10,000  as  It  should  be.  The 
differences  In  suction  peak  correspond  to  the  differences  In  the  front  stagnation-point  pressure 
coefficients  which  are  1.028  and  1.015,  respectively,  for  R * 5,000  and  R - 10,000.  Again,  these  values 
are  greater  than  unity,  because  the  Reynolds  number  Is  not  large  enough.  In  both  cases,  flow  separates 
near  the  trailing  edge:  at  98. 4X  chord  length  for  R • 5,000  and  at  86.11*  chord  for  R « 10,000. 

During  the  computations  of  oscillating  airfoil  results,  time  Increment  was  varied  such  that  the 
changes  In  the  solution  were  not  significant  over  a time  step.  The  time  Increment  ranged  from  0.02  to  0.08 
for  R ■ 5,000  and  from  0.016  to  0.064  for  R * 10,000.  These  values  may  be  converted  to  the  distance 
travelled  bv  the  airfoil  by  division  with  L * 3.61906,  the  nondimenslonal  chord  length.  The  constant  83 
In  Eqs.  (47)  and  (48)  Is  generally  taken  to  be  4L.  In  the  relaxation  procedure  for  determining  the  surface 
vorticity,  82  • 1.1  and  1.5  are,  respectively,  used  for  R » 5,000  and  R » 10,000  with  81  • 0.02  for 
both  cases.  The  relaxation  procedure  Is  generally  terminated  when  the  absolute  maximum  residue  or  change 
In  the  evaluation  of  surface  vorticity  between  Iterations  Is  less  than  10*'*.  At  times,  this  criteria  was 
not  maintained.  If  the  rate  of  convergence  was  too  slow  and  consequently  the  number  of  Iterations  became 
excessive,  and  If  the  solution  was  considered  to  be  valid.  Table  1 lists  the  total  number  of  time  steps, 
the  average  number  of  Iterations,  the  average  error  In  the  surface  vorticity,  average  CDC  7600  computation 

Table  1.  Some  Statistics  of  Computed  Results. 


No. 

R 

k 

Oscillation 

cycle 

Time 

steps 

Average 

Iterations 

Average 

residue 

In 

Average  CPU 
time  per  time 
step,  min 

Error  In 

1 

5,000 

0.5 

1 and  2 

778 

54.5 

0.005 

0.712 

1.12 

2 

10,000 

0.25 

1 

855 

48.5 

0.003 

1.086 

0.578 

3 

10,000 

0.25 

2 

(Incomplete) 

638 

54.2 

0.086 

0.828 

2.20 
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time  per  time  step  (FTN  4.4  compiler  with  OPT  ■ 2 and  R » 3)  and  the  percentaw  error  In  evaluation  of  the 
surface  pressure  coefficient  using  two  different  paths  of  Integration  (Ref.  8).  This  percentage  Is  based 
on  the  difference  In  the  maximum  and  minimum  pressure  coefficient. 

Except  for  the  preliminary  results  presented  1n  the  previous  section,  the  values  assigned  to  the 
plotted  stream  function,  vorticity  and  velocity  vectors  are  as  follows:  The  numerical  values  of  the  stream 
function  for  the  plotted  streamlines  vary  from  -0.42  to  0.42  with  an  Increment  of  0.06.  In  Figs.  10-13, 
streamlines  are  plotted  both  In  the  rotating  and  inertial  (or  fixed)  coordinate  system  with  the  former  on 
top.  Both  vorticity  and  velocity  vectors  are  plotted  In  the  Inertial  coordinate  system.  The  vorticity 
values  for  the  plotted  equivorticity  lines  vary  from  -14.0  to  16.0  with  an  Increment  of  3.0.  The  magnitude 
of  the  velocity  vectors  Is  one-fourth  the  actual  value.  These  vectors  are  plotted  near  the  airfoil  at 
every  fourth  value  of  1 (except  near  the  leading  and  trailing  edge  of  the  airfoil)  and  at  every  other 
value  of  j.  The  three  lines  upstream  of  the  airfoil  In  the  velocity  vector  plots  Indicate  the  minimum. 
Instantaneous,  and  maximum  Incidence  of  the  airfoil  during  oscillation. 

Interpretations  for  plotted  results  are  given  below  for  both  cases,  R 5,000  and  k ■ 0.5,  and 
R « 10,000  and  k ° 0.25,  together.  Similarities  and  differences  between  these  cases  are  discussed.  The 
compute  results  are  compared  with  the  water  tunnel  experiments  of  Werle  (Ref.  36).  Comparison  Is  also 
made  with  the  preliminary  results  presented,  with  a second-order  numerical  scheme.  In  the  previous  section. 

Symmetric,  steady-state  flow  with  a small  separation  bubble  Is  observed  In  Fig.  10a  at  a • 0.  The 
equivorticity  lines  are  not  symmetric  because  the  values  of  vorticity  chosen  above  for  plotting  are  not 
synmetrlc  about  zero.  As  the  airfoil  Incidence  Increases  from  zero,  the  separation  point  (defined  In  the 
rotating  coordinate  system)  on  the  upper  surface  moves  upstream  (Figs.  10b  and  12a)  and  the  separation 
bubble  on  the  lower  surface  Is  shed  downstream.  In  the  fixed  coordinate  system,  the  airfoil  surface  Is  not 
a streamline  and  hence  there  Is  no  bifurcation  or  unification  of  streamlines  on  the  surface  of  airfoil. 

Figure  10b  shows  streamlines  penetrating  the  upper  surface  and  streamlines  emerging  from  the  lower  surface. 
This  pattern  Is  also  Indicated  by  the  air  bubbles  In  the  experiment.  Further,  there  Is  strictly  no  front 
stagnation  point  In  the  experiment  as  well  as  In  the  streamline  plots.  There  Is,  however,  an  apparent 
stagnation  point. 

While  the  separation  point  Is  moving  up  the  airfoil  the  suction  peak  builds  up  as  more  net  positive 
vorticity  Is  shed  In  the  wake,  leaving  behind  more  clockwise  circulation.  Figure  10b  does  not  show  a bump 
In  the  pressure  distribution,  which  Is  observed  across  a transition  bubble,  the  characteristics  of  this 
bump,  namely,  a plateau  and  a rapid  recovery  of  pressure,  are  observed  In  Fig.  10c.  This  Is  coupled  with 
the  formation  of  a neck  along  the  upper  surface  In  both  equivorticity  lines  and  streamlines  Just  downstream 
of  the  axis  of  oscillation  (Figs.  10c  and  12c).  As  the  Incidence  of  the  airfoil  Is  Increased,  both  the 
flow  velocity  around  the  leading  edge  and  the  angle  of  separation  streamline  (with  respect  to  x-axIs) 
Increase.  This  tends  to  take  separated  flow  further  away  from  the  airfoil  surface;  and  yet,  the  flow 
downstream  remains  next  to  the  airfoil  surface.  Continuity  of  flow,  therefore,  suggests  that  the  separated 
flow  needs  to  come  back  towards  the  surface  producing  the  neck  In  the  streamline  pattern.  This  neck  In 
streamline  or  equivorticity  line  structure  gets  narrower  as  the  Incidence  Is  increased  and  eventually  the 
flow  reattaches  on  the  surface  Figs.  lOd  and  12d.  The  pressure  coefficient  rises  where  this  neck  Is 
developing  (Fig.  12c).  In  addition,  a suction  peak  develops  on  the  surface  below  the  center  of  the  vortex 
or  the  center  of  closed  streamlines  In  the  bubble.  This  Is  consistent  with  large  reverse  flow  velocities 
In  the  separation  bubble.  The  difference  between  the  two  cases  Is  that  for  R • 10,000  and  k * 0.25,  the 
reattachment  of  the  separated  flow  takes  place  at  smaller  Incidence  than  for  R • 5,000  and  k « 0.5.  This 
difference  Is  primarily  a Reynolds  number  effect. 

The  reattachment  of  the  separated  flow  from  the  leading  edge  region,  just  downstream  of  the  pitch  axis, 
breaks  up  the  original  long  bubble  Into  two  as  shown  In  Fig.  12d.  The  bubble  along  the  second  half  of  the 
airfoil  has  two  centers  and  another  bubble  In  between  these  centers,  as  also  seen  In  the  experiment.  The 
structure  of  the  leading-edge  bubble  Is  complex.  There  Is  an  adverse  pressure  gradient  for  the  flow  moving 
upstream  In  the  bubble  between  the  two  suction  peaks.  This  develops  the  inner  bubble  In  Figs.  lOd  and  12d. 
This  double  bubble  structure  is  clearly  confirmed  by  the  air  bubble  trajectories  In  Fig.  lOd.  (The  experi- 
mental picture  In  Fig.  12d  Is  not  clear  enough  to  see  this  double  bubble  structure.)  In  addition,  the  dye 
visualization  In  Fig.  14a  compares  extremely  well  with  the  structure  of  the  vortex  as  observed  from  the 
equivorticity  lines  In  Figs.  lOd  and  11c.  Superposition  of  streamlines  and  air  bubble  trajectories  In 
Fig.  15a  Indicate  that  the  double  bubble  structure  In  experiment  Is  bigger  than  In  computation;  however, 
qualitatively  the  flow  field  is  the  same.  Free  streams  in  Figs.  15a  and  15b  suggest  different  exposure  times. 

The  diffused  dye  pattern  in  Fig.  14b  suggests  that  the  separated  flow  may  be  turbulent.  This  conclu- 
sion Is  based  on  the  assumption  the  boundary  layers  on  the  four  walls  of  the  water  tunnel  do  not  contamin- 
ate the  main  features  of  the  flow  around  the  oscillating  airfoil.  The  level  of  turbulent  Intensity  Is 
probably  quite  low  at  the  Reynolds  numbers  considered  here.  In  addition.  If  the  disorganization  of  air 
bubbles  or  Intersection  of  their  trajectories  (Figs.  lOg,  12e-12g,  etc.)  Imply  three-dimensional  flow 
structure  and  hence  turbulence,  then  the  present  laminar  calculations  are  strictly  meaningful  only  for  the 
upstroke  of  the  airfoil  Just  short  of  the  maximum  Incidence,  omax* 

Some  preliminary  results  with  a second-order  scheme  were  presented  In  the  previous  section.  These 
are  compared  with  the  present  results.  In  Figs.  8 and  9 the  numerical  values  of  the  stream  function  for 
the  plotted  streamlines  vary  with  an  increment  of  0.04  Instead  of  0.06  for  the  present  results.  In  Figs.  4 
and  9 the  vorticity  values  for  the  plotted  equivorticity  lines  vary  with  an  Increment  of  2.0  Instead  of 
3.0.  The  patterns  of  streamlines  for  R • 5,000  and  k • 0.5  In  Fig.  9 are  essentially  the  same  as  In 
Fig.  lOd,  the  main  difference  being  Just  downstream  of  the  trailing  edge.  The  equivorticity  lines  have 
the  same  patterns  except  again  Just  downstream  of  the  trailing  edge.  The  use  of  a fourth-order  finite- 
differencing  with  a sixth-order  dissipative  term  In  e direction  for  the  present  results  do  not  give 
oscillations  downstream  of  the  trailing  edge  of  the  airfoil  Fig.  lOd  as  those  observed  with  the  second- 
order  scheme  in  Fig.  9.  This  is  further  confirmed  by  the  comparison  between  Figs.  4 and  12d  for  R • 10,000 
and  k « 0.25.  The  computed  streamlines  compare  somewhat  better  downstream  of  the  trailing  edge  with  the 
air  bubble  trajectories  in  the  water  tunnel  (Fig.  8)  than  those  shown  In  Figs.  12b-12d.  However,  Fig.  12d 
shows  a small  bubble  between  the  two  centers  of  the  large  bubble  both  In  computation  and  experiment,  but 
the  second-order  scheme  does  not  give  this  small  bubble. 
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As  Stated  In  the  previous  section,  the  preliminary  and  present  results  for  R • 5,000  were  obtained 
with  the  same  outer  boundary  condition,  at  least  along  the  downstream  half  of  the  boundary.  However,  for 
R » 10,000,  Eq.  (49)  was  used  Instead  of  Eq.  (18).  If,  after  rewriting  Eq.  (49)  In  the  convective  form, 
the  convective  velocity  In  Eq.  (49)  were  of  the  rotating  coordinate  system  Instead  of  In  the  fixed 
coordinate,  then  the  resulting  equation  would  be  constraining  the  flow  at  the  outer  boundary  the  same  as 
Eq.  (18).  Equation  (49)  was  used  to  somehow  take  Into  account  the  Interaction  of  top  and  bottom  walls  of 
the  water  tunnel  (Ref.  38)  with  the  unsteady  flow  field  due  to  the  oscillating  airfoil.  (The  physical 
distance  between  these  walls  Is  unavailable.)  The  differences  In  the  wake  of  the  airfoil  between  the 
streamlines  of  the  preliminary  and  present  results  (R  • 10,000)  are  not  due  to  the  differences  between 
Eqs.  (18)  and  (49).  Recall  the  boundary  conditions  are  applied  at  about  6.4  chord  lengths  from  the 
trailing  edge  of  the  airfoil  along  almost  a circular  boundary.  In  addition,  for  R • 5,000  computations, 
Eq.  (18)  was  applied  for  both  the  preliminary  and  present  results  which  have  differences  In  the  near  wake 
of  the  airfoil.  As  Indicated  above,  these  differences  are  due  to  the  oscillations  In  vorticity  values  In 
this  region  with  the  second-order  scheme.  The  above  discussion  was  motivated  because  If  the  experimental 
results  are  to  be  reproduced,  the  boundary  conditions  In  computation  need  to  be  appropriate. 

Coming  back  to  the  discussion  of  only  the  present  results,  a third  suction  peak  Is  seen  developing 
at  the  trailing  edge  of  the  airfoil  In  Figs.  12d  and  12e.  This  Indicates  the  flow  along  the  lower  surface 
of  the  airfoil  turns  around  the  trailing  edge  at  large  velocities  but  less  than  the  free-stream  velocity. 
While  the  leading  edge  suction  peak  was  developing,  the  velocities  around  the  leading  edge  were  larger 
than  the  free-stream  velocity. 

The  changes  In  the  flow  field  at  R « 10,000  and  k ■■  0.25  (Figs.  12f-121)  are  much  nwre  rapid  around 
omax  than  for  R ° 5,000  and  k ° 0.5  (Figs.  lOc-lOe).  This  appears  to  be  a Reynolds  number  effect  and 
not  a reduced  frequency  effect. 

The  vorticity  next  to  the  downstream  half  of  the  upper  surface  of  the  airfoil  Is  predominantly 
positive  and  away  It  Is  negative  (Fig.  lOd  and  12e).  The  positive  vorticity  Is  created  by  the  flow  moving 
upstream  and  the  negative  vorticity  Is  convected  from  the  leading  edge  region.  The  open  separation  bubble 
(Ref.  8)  located  here  has  both  positive  and  negative  vorticity.  These  different  kinds  of  vorticity 
form  eventually  two  vortices  as  the  separation  bubble  Is  swept  off  the  airfoil  surface  (Figs.  lOf 
and  12f).  This  shedding  of  pair  of  vortices  takes  place  just  after  passed  for  R > 5,000  and 

k = 0.5;  whereas.  It  takes  place  just  before  oj^x  reached  for  R = 10,000  and  k = 0.25.  The  centers 
of  these  vortices  rotate  clockwise  as  they  move  downstream.  The  strength  of  the  vortex  with  negative 
vorticity  Is  more  than  that  with  positive  vorticity.  Thus,  the  first  Identifiable  vortex  pair  Is  shed 
from  the  second  half  of  the  upper  surface  and  not  from  the  leading  edge.  While  this  pair  Is  being  shed, 
the  leading  edge  vortex  extends  further  downstream  (Figs.  lOe  and  f and  Figs.  12f  and  g).  As  this  vortex 
passes  over  the  upper  surface  of  the  airfoil,  the  suction  peak  associated  with  It  also  travels  downstream. 
In  addition,  the  separation  bubble  associated  with  this  vortex  obviously  moves  downstream.  The  magnitude 
of  reverse  flow  velocity  Is  frequently  comparable  to  that  of  free-stream  velocity  (Figs.  lOe,  lOf,  12g, 
and  12h). 

There  Is  one  major  difference  In  the  flow  patterns  computed  for  the  two  reduced  frequencies.  The 

number  of  leading  edge  vortices  or  separation  bubbles  that  pass  over  the  airfoil  and  are  shed  (along  with 

vortices  with  positive  vorticity)  during  the  downstroke  of  the  airfoil  depends  upon  the  reduced  frequency. 

A strong  and  a weak  vortex  are  shed  for  k = 0.5;  whereas,  two  strong  and  two  weak  vortices  are  shed  for 
k = 0.25.  The  strong  vortices  can  easily  be  Identified  In  Werle's  movie  (Ref.  36).  The  number  of  vortices 
observed  In  the  movie  appears  to  be  the  same  as  those  predicted  In  the  present  computed  results.  These 
vortices  are  Identified  and  discussed  below. 

Figures  IOf-101  show  the  downstream  motion  of  the  leading  edge  vortex.  The  sequence  starts  with  the 
Inner  separation  bubble  of  the  double  bubble  structure  opening  up  to  the  outer  flow  In  Fig.  lOg.  The 
outer  bubble  Is  broken  Into  two  with  the  downstream  half  moving  In  downstream  direction.  A vortex  Is 
correspondingly  shed  from  the  leading  region.  Whatever  negative  vorticity  Is  left  behind  forms  a 
vorticity  tongue  from  the  leading  edge  or  locally,  just  downstream  of  the  axis  of  oscillation,  a vortex 
consisting  of  closed  equivorticity  lines.  Between  this  small  vortex  and  the  above  large  one,  there  Is 

predominantly  positive  vorticity  which  was  created  by  the  downstream  travelling  bubble.  As  the  Incidence 

Is  decreased,  the  whole  flow  pattern  on  the  upper  surface  qualitatively  moves  downstream.  In  Fig.  101, 
we  see  a pair  of  positive  and  negative  vortices  being  shed.  Again,  the  vortex  with  negative  vorticity  Is 
stronger  than  the  other.  The  shedding  of  this  vortex  pair  Is  observed  In  Werle's  movie  (Ref.  36).  Next, 
the  weak  vortex  or  bubble  seen  at  about  three-fourths  of  chord  length  In  Fig.  101  Is  shed  before  the 
Incidence  of  the  airfoil  Is  zero.  This  weak  vortex  pair  can  be  Identified  In  Ref.  36.  As  bubbles  are 
swept  off  the  upper  surface  of  the  airfoil,  the  flow  reattachment  proceeds  from  the  leading  edge  towards 
the  trailing  edge.  The  flow  Is  not  synmetrlc  at  a • 0®. 

Two  strong  vortices  are  shed  followed  by  two  weak  ones  for  k • 0.25  (Figs.  12g-12p).  In  Fig.  12h, 
the  two  suction  peaks,  away  from  the  leading  edge,  correspond  to  the  leading  edge  vortex  and  the  vortex 
shed  from  the  leading  edge  region.  Between  these  two,  there  Is  positive  vorticity.  A pair  of  vortices 
with  opposite  vorticity  Is  distinctly  seen  In  Fig.  121.  Note  the  boundary  of  the  vortex  with  negative 
value  Is  not  the  same  as  the  large  bubble.  After  the  above  pair  passes  Into  the  wake  another  vortex  Is 
shed  from  the  leading  edge  (Fig.  12k).  Again  we  see  a pair  of  vortices  In  Fig.  12m  moving  downstream. 

Both  the  above  pairs  can  be  observed  In  Ref.  36.  Next  two  small  “ortices  are  shed  (Fig.  12n-12p).  As 
In  k • 0.5  case,  the  flow  reattaches  from  the  leading  edge  to  the  trailing  edge  with  some  residual 
asymnetry  at  o • 0®. 

Above,  the  evolution  of  flow  field  during  the  first  cycle  of  oscillation  was  described.  During  the 
second  cycle  of  oscillation  the  flow  Field  Is  qualitatively  the  same  as  during  the  first  cycle  for 
R • 5,000  and  k • 0.5.  The  computations  were  carried  out  only  up  to  o • 12®+  for  R • 10,000  and 
k • 0.25.  In  this  case  also,  the  flow  patterns  during  the  upstroke  are  qualitatively  the  same  as  those 
observed  above.  Figures  11  and  13  show  the  flow  development  as  follows:  development  of  a neck  In  stream- 
lines and  equivorticity  lines  (Figs.  11b  and  13a),  reattachment  of  the  separated  flow  from  the  leading 
edge  region  forming  the  leading  edge  vortex  and  giving  rise  to  a double  bubble  structure  (Figs.  11c 
and  13b),  shedding  of  a vortex  pair  from  the  trailing  edge  region  (Fig.  lid),  shedding  of  leading  edge 
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vortex  (F1«.  lie  and  f).  the  reattachment  of  the  flow  from  front  to  rear  accoapanled  with  a shedding  of  a 
small  bubble  and  finally,  asymnetric  flow  at  zero  Incidence  with  a bubble  near  the  trailing  edge  (Fig.  11g). 
Superposition  of  streamlines  and  air  bubble  trajectories  In  Fig.  15b  Is  excellent. 

The  computed  patterns  of  streamlines  and  air  bubble  trajectories  do  not  appear  to  correspond  as  well 
during  the  downstroke  of  the  airfoil  as  they  do  during  the  upstroke.  This  Is  primarily  because  the  air 
bubbles  are  disorganized  or  their  trajectories  Intersect  during  the  downstroke  of  the  airfoil.  However, 
the  overall  flow  patterns  are  similar  to  those  observed  In  the  experiment  as  described  above. 

The  computations  for  R « 10,000  did  develop  some  oscillations  In  vorticity  during  the  pitch  down 
motion  of  the  a1rfo11.  A series  of  black  dots  upstream  of  the  leading  edge  of  the  airfoil  In  e direc- 
tion, In  Fig.  12h,  represent  these  oscillations.  The  dissipation  term  added  In  the  vorticity  equation  did 
control  these  oscillations  In  the  sense  that  they  appear  and  disappear;  compare  Figs.  12h  and  121.  Similar 
series  of  black  dots  or  small  equivorticity  loops  roughly  of  the  size  of  local  grid  spacing  In  physical 
plane  are  seen  near  the  trailing  edge  region  In  Flo.  12m.  In  this  region  these  oscillations  are  also  con- 
trolled by  the  dissipation  term  (Figs.  12m  and  12n).  As  long  as  these  oscillations  remain  controlled  and 
the  vorticity  In  the  above  loops  Is  of  0(1),  these  oscillations  do  not  qualitatively  affect  the  overall 
flow  patterns.  It  Is  possible  to  completely  eliminate  these  oscillations  simply  by  using  a larger  value 
of  B,  In  Eq.  (47)  than  4L  that  was  generally  used  In  the  present  study.  However,  both  Inherent  and 
Intentionally  added  dissipation  In  a numerical  scheme  may  alter  the  effective  viscosity  of  the  flow.  Care 
needs  to  be  exercised  In  choosing  a numerical  scheme  and  In  adding  a dissipative  term  for  a given  physical 
problem.  As  the  overall  flow  patterns  for  R > 10,000  were  physically  meaningful,  no  attempt  was  made  to 
completely  eliminate  these  oscillations  for  presentation  at  this  symposium.  HcMever,  the  solutions  for 
the  downstroke  during  the  second  cycle  were  questionable  or  hard  to  Interpret  and  hence  the  conputatlons 
were  stopped  at  about  a = 12°'^  as  Indicated  above. 

Figures  16  and  17  show  the  location  of  front  stagnation  point,  respectively,  for  R • 5,000  and 
k • 0.5  and  R > 10,000  and  k • 0.25.  The  ordinate  In  these  figures  gives  the  normalized  distance  mea- 
sured from  the  leading  edge  along  the  chord  of  the  airfoil.  The  stagnation  point  Is  defined  In  the 
rotating  coordinate  system.  It  Is  always  located  along  the  lower  surface  of  the  airfoil  for  a > 0*. 

These  figures  Indicate  that  even  the  stagnation  region  experiences  hysteresis. 

It  was  concluded  In  Ref.  8 for  a stationary  stalled  airfoil  that  an  Increase  In  the  strength  of  a 
clockwise  (or  a counterclockwise)  bubble  accompanies  lower  (or  higher)  pressures  along  the  airfoil  surface 
In  contact  with  It.  Further,  the  lift  Increases  when  attached  clockwise  bubbles  grow  and  when  counter- 
clockwise bubbles  are  swept  away  from  the  surface  of  the  airfoil.  It  diminishes  when  counterclockwise 
bubbles  grow  and  clockwise  bubbles  are  shed.  These  conclusions  are  valid  In  the  present  oscillating  air- 
foil stu^  In  the  rotating  coordinate  system.  Recall,  a bubble  has  closed  streamlines  with  the  surface  of 
the  airfoil  forming  part  of  the  bubble  boundary.  A pattern  of  closed  streamlines  whose  boundary  Is  not 
the  airfoil  surface  Is  defined  as  free  bubble.  In  the  present  viscous  calculations.  This  definition  Is 
required  because  the  forces  acting  on  the  oscillating  airfoil  are  defined  In  the  Inertial  frame  of  refer- 
ence. Then  the  lift  coefficient  Increases  when  clockwise  free  bubbles  In  contact  with  the  upper  surface 

of  the  airfoil  grow  and  counterclockwise  free  bubbles  are  swept  away  from  the  surface.  It  diminishes  when 

counterclockwise  free  bubbles  grow  and  clockwise  free  bubbles  are  shed.  As  soon  as  a clockwise  free 
bubble  picks  up  a streamline  from  below  the  lower  surface  of  the  airfoil.  It  Is  In  a process  of  being 

shed.  These  conclusions  are  based  on  Figs.  10-13  and  Figs.  18  and  19. 

The  lift  coefficient  Increases  as  the  Incidence  Is  Increased.  It  decreases  with  decreasing  Incidence. 
Figures  18  and  19  show  hysteresis  loops.  Maximum  lift  Is  achieved  around  cig,ax-  sudden  Increase 
In  lift  coefficient  Is  observed  for  R • 5,000  and  k > 0.5.  8ut  we  do  observe  such  Increase  for 
R • 10,000  and  k • 0.25.  In  this  latter  case,  the  airfoil  experiences  a moment  stall  but  not  In  the 
former  case  (Figs.  20  and  21). 

The  variations  of  the  lift  coefficient  (Figures  18  and  19)  end  the  moment  coefficient  (Figures  20  and 
21)  with  Incidence  suggest  that  generally  when  lift  coefficient  Increases,  the  moment  coefficient  decreases. 
Therefore,  those  free  bubbles  In  the  Inertial  frame  of  reference  that  Increase  lift  also  decrease  moment. 
Both  the  lift  and  drag  coefficients  Increase  or  decrease  simultaneously  (Figs.  18,  19,  22,  and  23).  But 
the  rate  of  change  may  be  different.  The  primary  contribution  to  the  lift  and  moment  coefficients  Is 
due  to  pressure  and  not  due  to  skin  friction.  This  Is  valid  also  for  the  drag  coefficient  except  at  small 
Incidences  when  the  friction  drag  Is  greater  than  or  comparable  to  pressure  drag. 

As  mentioned  above,  solutions  for  the  downstroke  of  the  airfoil  during  the  second  cycle  of  oscillation, 
when  R - 10,000  and  k • 0.25,  are  questionable  (Figs.  17,  19,  21  and  23).  The  most  probable  cause  for 
this  Is  explained  as  follows:  The  Iteration  procedure,  discussed  In  Section  3,  was  actually  executed  such 
that  there  was  an  Inner  and  a complete  Iteration  loop.  The  former  covered  the  flow  region  next  to  the 
surface  and  the  latter  covered  the  complete  computational  region.  The  outer  boundary  conditions  for  the 
Inner  Iteration  loop  was  determined  during  the  complete  Iteration  loop.  At  nth  time  step,  the  first  three 
Iterations  were  the  complete  Iterations.  Then  four  Inner  Iterations  were  executed  followed  by  one  complete 
Iteration.  This  sequence  of  five  Iterations  was  repeated  until  convergence  criteria  or  acceptable  solution 
was  achieved  (Section  5).  The  check  for  convergence  was  done  at  the  end  of  the  complete  Iteration  loop. 
Typically,  the  Inner  Iteration  region  extended  from  J ■ 42  to  84,  for  R » 10,000  and  k • 0.25.  This 
procedure  helped  In  reducing  the  computational  time  (Table  1).  However,  under  certain  flow  conditions  It 
may  force  the  solution  to  deviate  from  that  obtained  from  only  the  complete  Iteration  loop.  If  the  outer 
edge  of  the  Inner  Iteration  loop  Is  not  chosen  properly.  This  Is  particularly  true  during  the  downstroke 
of  the  airfoil.  Lack  of  time  has  prevented  a satisfactory  solution  of  this  problem. 

The  classification  of  dynamic  stall  as  stated  In  Section  1 has  been  deduced  from  experiments  at  high 
Reynolds  numbers  with  airfoils  differing  In  leading-edge  geometry  (Refs.  4 and  47).  This  classification 
was  primarily  based  on  the  time  history  of  location  of  the  separation  point  during  the  upstroke  of  the 
airfoil  (Fig.  15  of  Ref.  4).  In  the  present  study,  the  gradual  progression  of  flow  separation  from 
trailing  edge  towards  the  leading  edge  suggests  that  there  would  be  the  tralling-edge  stall.  However, 
at  high  Reynolds  number  the  present  modified  NACA  0012  airfoil  would  be  expected  to  exhibit  leading-edge 
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stall  caused  by  an  abrupt  breakdown  of  the  turbulent  flow  on  the  forward  portion  of  the  airfoil.  Just  as 
does  the  basic  NACA  0012  airfoil  since  the  difference  In  the  leading-edge  geometry  between  these  two 
airfoils  Is  probably  negligible  (Fig.  6). 

In  this  section,  a description  of  the  anatomy  of  the  flow  field  past  an  oscillating  airfoil  Is^glven. 
In  addition,  the  general  features  of  this  flow  are  verified  by  the  water  tunnel  experiments  of  Wer1e 
(Ref.  36)  even  though  during  the  downstroke  of  the  airfoil  the  separated  flow  Is  turbulent  In  the  experi- 
ment. (Obviously,  there  Is  a need  for  quantitative  experimental  data  for  validating  this  type  of  Navler- 
Stokes  results.) 


6.  CONCLUDING  REMARKS 


The  principal  features  of  dynamic  stall  of  an  oscillating  airfoil  are  flow  separation,  formation 
of  vortices  and  passage  of  these  vortices  over  the  airfoil  surface.  The  secondary  features,  such  as 
strength,  location.  Instant  of  formation  and  the  number  of  vortices  depend  upon  the  airfoil  geometry, 
frequency  of  oscillation,  amplitude  of  oscillation  and  Reynolds  number.  These  principal  and  secondary 
features  together  determine  the  aerodynamic  characteristics  of  the  oscillating  airfoil. 

The  formation  of  the  leading-edge  vortex,  having  concentric  equivorticity  lines,  starts  with  convec- 
tion of  vorticity  from  the  leading-edge  region,  giving  rise  to  equivorticity  lines  that  turn  around  towards 
the  leading  edge  forming  a vorticity  tongue  (Figs.  10a,  10b,  and  11a).  As  the  Incidence  of  the  airfoil 
Is  Increased,  the  flow  going  around  the  leading  edge  remains  attached  to  the  surface  until  the  flow 
separation  from  trailing  edge  reaches  the  leading-edge  region.  Further  Increase  In  Incidence  moves  the 
flow  above  the  separated  region  near  the  leading  edge  away  from  the  surface  as  It  whips  around  the  leading 
edge.  Continuity  of  the  flow  requires  the  separated  flow  to  come  closer  to  the  surface  In  order  to 
resume  the  approximate  direction  of  the  surface,  developing  a neck  In  streamlines  and  equivorticity  lines 
(Figs.  10c,  11b,  12c,  and  13a).  Next,  the  upstream  flow  near  the  surface  separates,  upstream  of  this  neck 
In  the  streamlines,  forming  a small  bubble  (Fig.  12c).  As  the  Incidence  Is  further  Increased,  the 
separated  streamline  moves  further  outward,  and  the  above  neck  narrows.  Eventually  the  separated  flow 
reattaches,  forming  a bubble  which  encloses  the  above  bubble.  Comparison  of  the  experimental  "vortex”  as 
seen  In  Figs.  11c  and  14a  with  the  leading-edge  vortex  formed  of  concentric  equivorticity  lines  speaks  for 
Itself.  This  description  of  the  formation  of  the  leading-edge  vortex  essentially  holds  for  the  tralllng- 
edge  stall  and  the  stall  due  to  the  abrupt  turbulent  boundary  layer  separation  In  the  forward  portion  of 
the  airfoil.  In  the  transition  bubble  bursting  type  of  stall,  laminar  separated  flow  cannot  maintain  Its 
course  moving  away  from  the  airfoil  and  hence  reattaches  as  turbulent  flow  forming,  thereby  the  leading- 
edge  vortex.  The  above  discussion  suggests  that  the  essential  Ingredients  are  flow  separation  and  a 
constriction  In  streamline  pattern  with  possible  flow  reattachmenl  for  the  formation  of  the  leading-edge 
vortex  observed  In  experiments  during  the  dynamic  stall  of  oscillating  airfoils. 

The  actual  formation  of  the  leading-edge  vortex  does  not  cause  moment  or  lift  stall,  and  consequently. 
It  does  not  Initiate  dynamic  stall.  In  fact,  during  the  formation  of  this  vortex,  lift  continues  to 
Increase  along  the  Inviscid  trend.  The  growth  and  Initial  downstream  travel  of  this  vortex  Initiate  the 
moment  stall,  followed  by  lift  stall.  Another  characteristic  of  this  vortex  Is  that  generally  when  It 
Increases  lift,  the  pitching  moment  around  the  quarter  chord  location  decreases.  The  key  to  preventing 
dynamic  stall  seems  either  to  control  the  position  and  strength  of  this  vortex,  or  not  let  It  be  formed  at 
all,  during  the  entire  cycle  of  oscillation. 

There  are  simplified,  theoretical  methods  to  determine  dynamic  stall  and  aerodynamic  characteristics 
of  oscillating  airfoils.  These  methods  are  the  discrete  potential  vortex  approach,  the  thin  boundary-layer 
approach  and  the  strong  Interaction  approach  (Ref.  1).  At  present,  these  approaches  do  not  give  satisfac- 
tory results  (Ref.  1).  Apart  from  that,  the  thin  boundary-layer  approach  cannot  solve  the  above  problem. 
(See  also  Ref.  1,  page  23,  and  Ref.  47,  page  26.)  Further,  we  believe  that  strong  Interaction  approach 
would  be  complex  to  Implement  and  would  be  as  time-consuming  (computationally)  as  solutions  of  the  Navler- 
Stokes  equation.  This  approach  would  solve  the  potential  flow  region,  the  boundary-layer  region  and  the 
separated  region,  respectively,  with  potential  flow  methods,  the  unsteady  boundary-layer  equation  and  the 
Navler-Stokes  equation.  One  has  to  Iterate  between  these  three  regions  that  would  have  to  be  continuously 
matched.  These  Iteration  and  matching  procedures  make  this  approach  considerably  more  difficult  to  solve 
the  above  problem.  Alternatively,  It  Is  possible  to  use  discrete  vortices  to  represent  the  separated 
region  and  solve  this  region  along  with  the  potential  flow  region,  and  then  couple  this  solution  with  that 
for  the  boundary-layer  equation.  But  this  would  suffer  generally  from  the  same  limitations  as  the  discrete 
potential  vortex  approach.  In  short,  a lot  of  work  needs  to  be  done  In  perfecting  the  simplified  methods; 
and  the  Navler-Stokes  solutions  presented  In  this  paper  would  provide  some  Insight  for  doing  Just  that. 

Laminar  studies  of  flow  field  around  bluff  and  slender  bodies  at  R > 100,  using  the  Navler-Stokes 
and  continuity  equation  In  terms  of  stream  function  and  vorticity  must  Include  plots  of  equivorticity  lines 
because  vorticity  Is  a good  Indicator  of  the  quality  of  solutions.  Studies  without  this  Information  suffer 
seriously.  In  the  present  study,  the  results  for  R • 10,000  are  not  completely  satisfactory  as  stated 
In  Section  5.  However,  the  qualitative  flow  behavior  Is  correct. 

In  summary,  there  are  three  Important  contributions  of  this  paper:  (1)  the  solutions  of  the  Navler- 
Stokes  and  continuity  equation  around  an  oscillating  airfoil,  (2)  the  explanation  as  to  how  the  leading-edge 
vortex  Is  formed,  and  (3)  a higher  order  numerical  method  to  solve  the  stream  function  and  vorticity 
equation. 
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(a)  R « 5,000,  k « 0.5.  (b)  R • 10,000,  k ‘ 0.25. 

Fig.  14  Oscillation  established,  a » 20°,  NACA  0012  (courtesy  of  H.  Werle  (ONERA). 
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SUMMARY 


The  application  of  an  integro-differential  approach  in  the  nuaerical  atudy  of  unateady  viacoua  flowa 
about  airfoila  ia  deacribed.  Two  different  procedurea  are  preaented.  A procedure  baaed  on  a atreaa 
function-vorticity  fomilation  and  on  a trana  format  ion  technique  ia  uaed  in  a atudy  of  a flow  about  an 
iapulaively  started  9Z  thick  Joukowaki  airfoil  at  an  angle  of  attack  of  Is”  and  a Reynolda  nuid>er  of  1000. 
Numerical  reaulta  are  preaented  and  compared  with  available  finite-difference  reaulta.  A aecond  procedure 
baaed  on  a velocity-vorticity  formulation  and  on  a hybrid  finite  difference-finite  eleawnt  technique  it  uaed 
in  a study  of  a flow  about  an  oscillating  12Z  thick  Joukowaki  airfoil  at  a Reynolds  number  of  1000,  With 
either  procedure,  the  unique  ability  of  the  integro-differential  approach  to  confine  the  solution  field  to 
the  vortical  region  of  the  flow  ia  utilised.  It  is  shown  that  this  ability  offers  great  computational 
advantages . 

1 . INTRODUCTION 

During  the  past  two  decades,  there  haa  been  a gradual  but  persistent  increase  in  the  willingness  of 
aerodynamicists  to  accept  the  computer  as  a valuable,  perhaps  indispensable,  tool  in  the  prediction  of  fluid 
flows.  This  willingness  is  a consequence  of  the  impressive  progress  made  in  recent  years  in  the  routine 
nuiaerical  aolutiona  of  differential  equations  describing  many  types  of  potential  and  boundary  layer  flows. 
For  general  viscous  flows,  i.e.,  flows  past  finite  solid  bodies  and  involving  appreciable  regions  of 
separation,  a capability  for  the  routine  computation  of  the  flows  has  yet  to  be  established,  and  the 
willingness  to  accept  computer  solutions  has  spurred  extensive  research  efforts  in  this  regard. 

Because  of  its  fundaamntal  nature  and  practical  importance,  the  general  viscous  flow  problem  haa  been 
a focal  point  of  fluid  dynamic  research  for  more  than  a century.  The  mathematical  difficulties  attendant 
to  the  analytical  solution  of  the  equations  describing  the  general  viscous  flow  are  known  to  be  formidable. 
Numerical  methods  offer  at  the  present  the  only  prospect  of  accurate  quantitative  solutions  under  reasonably 
general  circumstances. 

Until  relatively  recently,  computational  aerodynamicists  have  emphasised  the  application  of  the 
finite-difference  approach  to  the  general  viscous  flow  problem.  This  emphasis  is  an  outgrowth  of  the  success 
enjoyed  by  the  finite-difference  methods  in  the  solution  of  various  boundary  layer  problems.  Although  the 
boundary  layer  equations  are  simpler  than  the  Navier-Stokes  equations  describing  the  general  viscous  flow, 
the  two  types  of  equations  are  both  non-linear  partial  difference  equations.  Furthensore,  the  momentum 
equation  for  the  time-dependent  general  viscous  flow  is  parabolic,  as  is  the  boundary  layer  momentum 
equation.  It  had  been  hoped,  therefore,  that  the  finite-difference  approach  would  lead  to  a routine 
computational  capability  for  the  time-dependent  general  viscous  flow,  with  steady  flow  solutions,  when  they 
exist,  considered  as  asymptotic  limiting  solutions  at  large  time  levels.  In  reality,  however,  the 
application  of  the  finite-difference  approach  to  the  general  viscous  flow  problem  has  fallen  far  short  of 
earlier  expectations.  Most  of  the  general  viscous  flows  of  practical  importance  in  aerodynamics  today  remain 
beyond  the  scope  of  the  finite-difference  approach. 

Several  years  ago,  the  first  author  of  this  article  identified  several  major  obstacles  that  caused  the 
disparity  of  successes  of  the  finite-difference  spproach  as  spplied  to  the  boundary  layer  and  to  the  general 
incompressible  viscous  flows.  Subsequently,  a program  of  research  was  initiated  with  the  goal  of  developing 
new  approaches  transcending  the  limitations  of  the  finite-difference  approach.  This  research  program  has 
now  reached  a reasonable  stage  of  completeness.  Progress  made  to  date  in  applying  a new  approach  to  the 
study  of  unsteady  incompressible  laminar  flows  is  suasarised  in  this  paper.  Selected  numerical  results  are 
presented  for  flows  past  airfoils  to  illustrate  the  application  of  this  new  approach.  Additional  numerical 
results  ss  well  as  detailed  descriptions  of  the  specific  numerical  procedures  are  presented  in  doctoral 
dissertations  of  the  second  author  (Ref.  1)  and  of  the  third  author,  the  latter  still  being  prepared.  A 
major  emphasis  of  the  present  article  is  to  bring  into  focus  the  authors'  understanding,  acquired  during  the 
past  few  years  of  research,  of  the  interplay  between  the  numerical  and  physical  aspects  of  the  general 
viscous  flow  problem. 

The  distinguishing  feature  of  the  present  approach  is  the  formulation  of  the  general  viscous  flow 
problem  as  a set  of  integro-differential  equations.  This  feature  represents  a major  departure  from  finite- 
difference  methods  based  on  the  formulation  of  Che  problem  as  differential  equations.  Various  attributes  of 
Che  integro-differentisl  approach  have  been  studied  and  described  in  earlier  articles  (Refs.  1 to  11).  In 
particular,  it  has  been  conclusively  demonstrated  by  analyses  and  numerical  illustrations  that  the  approach 
possesses  a unique  ability  to  confine  the  solution  field  to  the  vorticel  region  of  the  flow.  For  most 
problems  of  practical  interest,  the  flow  Reynolds  nu^er  is  high  and  the  vortical  region  represents  only  a 
small  fraction  of  the  total  flowfield.  The  ability  to  confine  the  solution  field  to  the  vortical  region 
therefore  offers  the  possibility  of  a drastically  improved  coivutational  efficiency. 

Although  Che  present  paper  is  concerned  only  with  unsteady  incompressible  laminar  flowa,  the  utility 
of  the  integro-differential  approauh  is  not  restricted  Co  such  flows.  In  a recent  article  (Ref.  3),  the  use 
of  Che  integro-differential  approach  in  conjunction  with  a two-equation  turbulence  model  was  demonstrated. 
Turbulent  flow  results  obtained  ware  found  to  agree  wall  with  experimantal  data.  An  integro-differantial 
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foraulatioo  wa«  prcianted  for  coaproaaiblc  flowa  Chraa  paara  ago  (Kef.  4).  Becauaa  of  the  liaited  retourcea 
availabloi  however,  efforta  of  the  preaent  authora  in  iapleeenting  the  integro-differential  approach  have 
been  liaited  to  incoaprcaaible  flow  probleaa.  It  haa  alao  been  found  that  the  general  viacoua  flow  problew 
■ay  be  foraulated  aa  a aet  of  integral  repreaantationa  (lef.  S)  of  field  variablea.  The  aolution  procedurea 
developed  for  the  integro-differential  approach  are  directly  applicable  to  aethoda  baaed  on  the  integral- 
repreaentation  approach.  In  particular,  for  ateady  flowa,  a aathod  baaed  on  the  integral  repreaentation 
approach  haa  been  eatabliahed  (Ref.  6)  and  a general  coaputer  code  for  internal  flow  probleaa  ia  being 
prepered. 

Recent  literature  containa  aeveral  articlea  by  other  reaearchera  deacribing  reaulta  obtainad  uaing 
the  integro-differential  approach  (Refa.  12  to  15).  The  relatively  large  aaounta  of  coaputing  needa 
aaaociated  with  theae  efforta  aa  well  aa  with  our  earlier  work  (Ref.  7)  led  to  the  opinion  that,  even  though 
the  integro-differential  approach  peraita  the  aolution  field  to  be  confined  to  the  vortical  region  of  the 
flow,  the  approach  ia  coaputationally  inefficient  (Ref.  16).  Thin  iapreaaion  ia  aialeading.  The  preaent 
authora  have,  in  the  paat  few  yeara,  progreaaed  through  aeveral  atagea  of  developaent  of  the  integro- 
differential  approach;  each  atage  haa  led  to  a aubatantial  reduction  in  coaputing  need.  The  preaent 
coaputing  need  ia  about  1/20  of  that  reported  in  Ref.  7 and  for  two-diaenaional  probleaw  ia  about  1/5  of  that 
raquired  by  the  aore  efficient  finite-difference  aethoda  available  today.  The  reduction  in  needed  coaputer 
tiae  ia  expected  to  be  auch  greater  for  three-diaenaional  probleaa. 

Two  different  nuaerical  procedurea  are  outlined  in  thia  paper.  A procedure  utiliaing  a tranaforaa- 
tion  technique  ia  uaed  in  a atudy  of  a flow  about  an  iapulaively  atarted  9Z  thick  airfoil.  A aecond  procedure 
utilising  a hybrid  finite  difference-finite  eleaent  technique  ia  uaed  in  a atudy  of  flowa  about  an 
oacillating  12Z  thick  airfoil. 

2.  KIHETICS  AND  KINEMATICS  OF  THE  FLOW 

The  tiae-dependent  Navier-Stokea  and  continuity  equationa  for  a fluid  with  conatant  denaity  p , 
conatant  kineaatic  viac^aity  v , and  aubject  to  negligible  body  forcea  are  well-known  and  are  expreaaible  in 
teraa  of  the  velocity  v and  preaaure  p aa: 


(v  -7)  V 


where  t ia  the  tiae. 


Equationa  (1)  and  (2)  are  in  principle  aufficient  for  the  deteraination  of  v and  p,  provided  that 
adequate  initial  and  boundary  conditiona  are  known.  The  boundary  conditiona  occuring  aoat  frequently  are  the 
"no-alip”  condition  at  tl^e  aurface  of  aolid  bodiea  over  which  the  fluid  paaaea.  For  probleaa  involving  an 
infinite  fluid  doaain,  v and  p at  infinity  auat  alao  be  apecified. 

It  ia  convenient  to  introduce  the  vorticity  vector  u defined  by 

^ x V ■ u (3) 

and  to  conaider  the  "vorticity  tranaport"  equation 

Iy  ■ ^x(v  X w)  ♦ vV*u  (4) 


obtained  by  taking  the  curl  of  both  aidea  of  Eq.  (1)  and  uaing  Eqa.  (2)  and  (3). 

The  aet  of  equetiona  (2)^ to  (4),  with  v and  u aa  dependent  variablea,  replacea  the  a^t  of 
equationa  (1)  and  (2)  in  idiich  v and  p are  dependent  variablea.  There  ere  aeveral  reaa^na  for  uaing  u in 
the  foraulation  of  the  problea.  A principal  reaaon  ia  Chat  Che  foraulation  in  teraa  of  u allowa  clear  and 
aeparate  delineation  of  the  kinetic  and  kineaatic  aapecta  of  the  problea.  Aa  a conaequence  of  thia  clear 
delineation  aeveral  iaportant  characteriatica  of  the  general  viacoua  flow  problea,  not  obvioua  in  Che  p and 
V foraulation,  becoae  aanifeat.  Major  obaCaclea  to  the  finite-difference  aolution  of  Che  general  viacoua 
flow  problea  are  then  traceable  to  phyaical  proceaaea  involved  in  the  developaent  of  the  flow  patterna.  The 
identification  of  tha  phyaical  origin  of  theaa  obataclea  ia  of  courae  a prerequiaite  for  the  eaCabliahaent  of 
aolution  aathoda  that  overcoae  theaa  obataclea. 


The  kinetic  aapect  of  the  problea  deala  with  Che  change  of  the  vorticity  field  (■)  with  tiae.  Thia 
aapect  ia  deacribed  by  Bq.  (4).  For  an  inviacid  fluid,  the  laat in  Bq.  (4^  vaniahea  and  the  vorticity 
ia  convecCed  with  tha  fluid  in  the  aenae  that  the  vorticity  flux  u) .nda,  where  n ia  a unit  noraal  vector  of 
the  aurface  eleaent  da,  aaaociated  with  each  aaterial  eleaent  da  aoving  with  the  fluid  reaaina  a conatant 
for  all  Ciaaa.  Thia  well-known  Cheoraa  of  Helaholts  ia  aodified  in  the  caae  of  a real  fluid  by  Che  proceaa  of 
vorticity  diffuaion.  According  to  Bq.  (4),  changea  in  the  flux  of  vorticity  acroaa  a aurface  eleaent  that  ia 
aoving  with  the  fluid  and  ia  in  tha  inCarior  of  the  fluid  doaain  takea  place  only  by  diffuaion.  Vorticity 
flux  cannot  be  craated  in  the  interior  of  a fluid. 


If  tha  fluid  ia  in  contact  with  aolid  bodiea  in  notion,  the  no-alip  condition  providea  a nechanian  for 
the  generation  of  vorticity  at  the  aolid  aurfacaa.  In  the  caae  idiere  the  fluid  ia  initially  at  mat  and 
oceupiea  an  infinita  doaain  bounded  internally  by  aurfacaa  of  aolid  bodiea  alao  initially  at  raat,  tha 
vorticity  ia  obvioualy  aero  everyidiera  initially.  SubaaquenC  notion  of  Che  aolid  bodiea  aeta  up  correapond- 
ieg  notion  of  the  fluid.  laaMdiataly  after  Che  onaet  of  the  notion,  ainee  the  vorticity  flux  in  the  interior 
of  Che  fluid  doaain  can  change  only  aa  a conaaquance  of  diffuaion,  the  vorticity  ia  avarywhere  aero  except  at 
the  aolid  aurfacaa.  That  ia,  the  flow  iaaadiataly  aftar  the  onaet  of  the  notion  haa  a non-aero  tangential 
velocity  mlative  to  the  aolid  bodiea  at  tha  aolid  boundariaa.  The  diacontinuity  in  tangential  velocity 
repreaenca  a aheet  of  concentrated  vorticity  at  the  aolid  boundariea.  At  aubaequanc  tiae  levela,  thia 
concentrated  vorticity  at  Che  aolid  boundariaa  apreada  into  the  interior  of  Che  fluid  douin  by  diffuaion 
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and,  onca  thare,  ia  tranaportad  away  froa  the  boundariaa  by  both  convection  and  diffuaion.  At  the  ease  tiae, 
vorticity  ia  continually  generated  on  the  aolid  boundariea.  The  general  flow  pattern  therefore  includes 
vortical  regions  surrounding  the  solid  bodies  and  vortical  wake  regions  trailing  the  solid  bodies.  Outside 
of  these  vortical  regions,  the  flow  is  essentially  free  of  vorticity  and  is  therafore  potential.  If  the 
Reynolds  nu^er  of  the  flow  is  not  saall,  then  the  vorticity  spreads  by  diffusion  only  a short  distance  froa 
the  aolid  surface  before  being  carried  away  with  the  fluid.  Thus  there  exists  a large  region  of  the  fluid, 
ahead  and  to  the  side  of  the  solid  bodies,  which  is  free  of  vorticity.  In  fact,  at  any  finite  tiae  level 
after  the  onset  of  the  action,  the  vortical  regions  arc  finite  in  extent  while  the  potential  flow  region  is 
infinite  in  extent. 

The  kineaatic  aspect  of  the  problea  relates  the  velocity  field  at  any  given  instant  of  tiae  to  the 
vorticity  field  at  that  instant,  ^is  aspect  is  described  by  Bqs.  (2)  and  (3)  together  with  appropriate 
velocity  boundary  conditions  on  the  solid  surfaces  and  at  infinity.  If  the  velocity  field  is  known  at  any 
given  instant  of  tiae,  the  corresponding  vorticity  field  is  iaediately  obtainable  by  differention,  using 
Eq.  (3).  If  the  vorticity  field  is  known,  the  velocity  field  is  obtainable  by  integrating  Eq.  (3),  subject 
to  the  solcnoidal  condition,  Eq.  (2).  One  aethod  of  evaluating  'v  is  to  take  the  curl  of  Eq.  (3)  and,  by 
using  Eq.  (2),  obtain  a vector  Poisson's  equation  for  v in  the  fora 

V«v  - X w (5) 
Alternatively,  Eq.  (2)  implies  the  existence  of  a vector  potential  f which  is  related  to  v by 

V • V X T (6) 
Equation  (3)  and  (6)  gives  a vector  Poisson's  equation: 

7 X V X I - w (7) 

A general  solution  procedure  based  on  the  kinetic-kinenatic  formulation  which  enables  the  pattern  of 
flow  development  to  be  followed  computationally  is  as  follows.  With  known  spatial  distributions  of  % and^u 
at  a given  tine  level,  the  kinetic  aspect,  i.e.,  Eq.  (4)  together  with  appropriate  boundary  conditions  on  u , 
is  treated  numerically  and  a new  distribution  of  vorticity  at  a subsequent  tine  level  is  established.  The 
kincMtic  aspect,  i.e.,  Eqs.  (2)  and  (3),  or  Eq.  (7),  together  with  appropriate  boundary  conditions  for  v, 
or  T , is  then  treated  and  a new  velocity  distribution  corresponding  to  the  new  vorticity  distribution  at  the 
new  tine  level  is  obtained.  This  completes  a computational  loop  to  advance  the  solution  from  an  old  tiae 
level  to  a new  one.  Repeated  applications  of  this  computational  loop  yields  a transient  solution.  In  the 
liait  of  large  tine,  if  the  velocity  boundary  conditions  are  independent  of  time,  then  either  a steady  state 
solution  or  a periodic  vortex  shedding  solution  is  obtsinable. 

The  implementation  of  the  above  outlined  solution  procedure  consists  of  a number  of  component 
problems  as  shown  in  Figure  1.  The  literature  contains  a variety  of  numerical  methods  that  differ  from  one 
another  in  the  specific  techniques  for  treating  the  component  problems.  The  general  fraaawork  for  these 
numerical  ^thods,  however,  are  identical.  ^If  the  "primitive"  variable  p is  used  in  place  of  the  "derived" 
variable  u),  or  if  T it  used  in  place  of  v,  the  component  problems  are  then  concerned  with  the  computation 
of  these  different  variables.  The  spirit  of  the  general  solution-procedure  framework,  however,  remains  the 
tame.  The  major  difficulties  encountered  by  researchers  can  be  conveniently  reviewed  by  a critical 
examination  of  the  component  problems. 

3.  MAJOR  OBSTACLES  AND  ALTERNATIVES 

In  this  section,  several  major  obstacles  experienced  in  previous  finite-difference  solutions  of  the 
general  viscous  flow  problem  are  reviewed.  As  stated  earlier,  the  finite-difference  approach  enjoys 
remarkable  success  in  the  prediction  of  boundary  layer  flows.  The  present  obstacles  are  traceable  to  the 
important  differences  between  the  boundary  layer  flow  and  the  general  viscous  flow  in  flow  patterns  and  in 
the  physical  processes  of  flow  development.  It  is  worthy  of  note  that  except  the  establishment  of  the 
initial  solution,  each  of  the  component  problems  for  the  general  viscous  flow,  as  shown  in  Fig.  1,  present 
difficulties  that  are  absent  in  the  boundary  layer  flow.  These  difficulties  dictate  the  development  of 
innovative  approaches  for  the  general  viscous  flow  problem.  Several  such  approaches  are  described  here. 

3.1.  Grid  System — Coordinate-Transformation  and  Finite-Element  Methods 

As  discussed  earlier,  the  flowfield  in  general  consists  of  vortical  regions  surrounded  by  a potential 
flow  region.  For  high  Reynolds  number  flows,  if  no  appreciable  flow  reversal  occurs  near  the  solid  bodies, 
the  vorticity  spreads  to  the  sides  of  the  solid  bodies  mainly  by  diffusion.  Since  the  diffusive  process  is 
relatively  slow  at  high  Reynolds  numbers,  the  vortical  regions  near  the  solid  bodies  are  thin  and  the 
boundary  layer  simplifications  are  justifiable  there.  The  vortical  wakes  derive  their  vorticity  from  the 
thin  boundary  layers  and  are  therefore  also  thin.  The  succass  of  the  boundary  layar  theory  is  attributable 
to  the  fact  that  the  effects  of  these  vortical  layers  on  the  potential  flow  smy  ba  traated  aa  a relatively 
small  perturbation  to  the  potential  flow  past  the  solid  bodies  in  the  absence  of  the  vortical  layers.  This 
fact  permits  the  potential  region  to  be  studied  separately  from  the  vortical  ragiona.  In  particular,  it 
becomes  possible  to  establish  the  flow  velocity  iMediately  adjacant  to  tha  boundary  layer  through  potential 
flow  analyses,  employing  iterative  or  matching  procedures  if  needed  to  properly  account  for  the  effects  of 
the  vortical  layers.  Consequently,  it  is  possible  to  confine  the  solution  field  of  the  boundary  layer 
equation  to  the  thin  vortical  layers  near  the  solid  bodies. 

In  general  viscous  flows,  appreciable  regions  of  flow  reversal  occur  naar  the  solid  bodies.  The 
vorticity  now  spreads  to  the  sides  of  the  solid  bodies  by  both  diffusion  and  convaction.  Tha  vortical 
ragiona  ara  not  thin  and  their  presence  "strongly"  influences  thr  potential  flow.  With  the  finite-difference 
approach,  tha  aclution  field  must  include  the  potential  region  as  wall  as  tha  vortical  ragiona.  Matching 
procadures  ara  not  eaaily  applicable. 

For  attached  boundary  layers,  it  is  permissible  to  employ  an  orthogonal  coordinate  system  with  one  of 
tha  coordinate  axes  coinciding  with  tha  solid  surface.  Such  a coordinate  system  is  curvilinear.  However, 
since  tha  solution  field  is  rastrictad  to  the  thin  region  of  the  boundary  layar,  the  scale  factor  of  tha 
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curvilinear  ayscea  changet  negligibly  acroat  the  aolution  field.  Tlie  differencial  equationa  deacribing  the 
flow,  when  expreaaed  in  teraa  of  the  curvilinear  coordinaCea,  are  foraally  identical  with  the  equationa 
expreaaed  in  the  Carteaian  coordinatea,  the  curvature  teraa  being  negligibly  aaall  within  the  context  of 
boundary-layer  approxiaMtiona.  Aa  a conaequence,  it  ia  atraightforward  to  uae  a finite-difference  grid 
ayatea  with  the  airfoil  aurface  repreaented  by  a grid  line.  Such  a grid  ayatea  ia  "boundary-fitted"  in  the 
aenae  Chat  data  pointa  on  the  aolid  boundariea  ere  peraitced  to  coincide  with  grid  pointa. 


Tor  the  general  viacoua  flow  problea,  the  aolution  field  ia  not  thin  and  the  acale  factor  in  a 
curvilinear  coordinate  ayatea  fitted  Co  Che  aolid  boundariea  can  change  aubsCantially  acroaa  the  aolution 
field.  The  differential  equationa  deacribing  Che  flow,  when  expreaaed  in  Che  curvilinear  coordinatea, 
contain  curvature  teraa  that  are  not  negligible.  The  uae  of  a boundary-fitted  finite-difference  grid  ia 
conaiderably  aore  coaplex  than  it  ia  in  the  caae  of  an  attached  flow. 


Much  of  the  earlier  worka  uaing  the  finite-difference  approach  to  treat  the  general  viacoua  flow 
problea  atceapted  to  avoid  the  coaq>lexity  introduced  by  the  uae  of  curvilinear  coordinate  ayatea.  In  theae 
worka,  Che  differential  equationa  are  expreaaed  in  Carteaian  Coordinatea  and  a rectangular  grid  ayatea  in  the 
phyaical  plane  ia  uaed.  Such  a ayatea  ia  not  boundary-fitted.  That  ia,  grid  pointa  repreaenting  Che 
boundary  in  general  do  not  coincide  with  the  aolid  boundariea,  and  interpolation  procedurea  are  needed  to 
accoHK>date  the  boundary  geoaecry. 

Varioua  authora  treating  different  typea  of  flow  probleaa  (Refa.  17  to  21)  are  in  agreeaenc  that  Che 
proper  handling  of  the  boundary  condiciona  are  of  doainanC  importance  in  the  nuaerical  aolution  of  flow 
probleaa.  BxiaCing  evidence  pointa  to  the  uae  of  grid  ayateaa  Chat  are  not  body-fitted  aa  one  of  the 
culprita  for  the  very  liaited  capability  of  earlier  aechoda  in  treating  the  general  viacoua  flow  problea.  Aa 
ia  well-known,  the  Navier-Stokea  equationa  deacribing  the  general  viacoua  flow  are  coenon  to  an  aatoniah- 
ingly  rich  variety  of  flow  phenomena  draaticallydiffering  from  one  another  not  only  quantitatively  but  alao  in 
character.  The  draatic  differencea  are  reaulta  of  differencea  in  the  geometriea  and  the  impoaed  conditiona 
at  the  flow  boundariea.  Clearly,  accurate  repreaentation  of  the  flow  boundariea  and  of  the  boundary 
conditiona  are  of  paramount  importance  in  the  prediction  of  general  viacoua  flowa. 

Boundary-fitted  grid  ayatema  are  obtainable  by  the  uae  of  coordinate  trana format ion  methoda. 
Alternatively,  the  finite-element  methoda  (Ref.  18)  accompliah  the  aame  purpoae.  With  either  approach,  the 
relative  aimplicity  of  the  Carteaian  finite-difference  repreaentation  are  bartered  for  a better  numerical 
repreaentation  of  the  boundary  geometry. 

Until  recently,  aucceaaful  numerical  aolutiona  of  the  general  viacoua  flow  problem  have  been  obtained 
only  for  thoae  boundary  geometriea  for  which  convenient  analytical  trana format ion  formulaa  are  available. 
In  particular,  conformal  tranaformationa  which  permit  atraight  forward  calculation  of  the  scale  factor  for 
the  curvilinear  coordinate  ayatem  and  of  the  curvature  terma  in  the  differential  equations  have  been  utilised 
by  several  researchers.  In  recent  years,  numerical  methods  for  the  establishment  of  boundary-fitted 
coordinate  systems  have  been  developed  (Ref.  17).  The  numerical  transformations  need  not  be  conformal  and  is 
not  restrictive  regarding  the  boundary  geometry. 

The  basic  finite-element  methoda  involves  the  following  components:  (a)  the  reforanilation  of  the 
differential  equations  aa  integral  relations,  (b)  the  division  of  the  aolution  field,  i.e.,  the  region  of 
integration,  into  small  subregions,  called  elements,  of  arbitrary  sixes  and  shapes,  (c)  the  use  of 
interpolation  functions,  usually  pol3rnomials , to  express  the  dependent  variables  in  each  element  in  terms  of 
fheir  values  at  selected  data  points,  called  nodes,  associated  with  the  element,  and  (d)  the  evaluation  of 
the  integrals  over  each  element,  yielding  a set  of  algebraic  equations  containing  the  nodal  values  of  the 
dependent  veriables  aa  unknowns.  Since  the  elements  are  of  arbitrary  sixes  and  shapes,  it  ia  atraightforward 
to  devise  a boundary-fitted  system  of  elements.  The  resulting  set  of  algebraic  equations,  however,  posseaaea 
coefficient  matrices  more  complex  than  thoae  of  finite-difference  equations. 


In  the  present  work,  both  the  transformation  method  and  the  finite-element  method  are  utilised  in 
conjunction  with  the  integro-differentiel  approach  in  atudiea  of  viacoua  flows  about  airfoils.  The  studies 
demonstrated  thet  both  methods  are  effective  in  removing  the  difficulty  of  accurate  nuamrical  representation 
of  the  aolid  boundaries.  The  added  algebraic  complexity  of  either  method  ia  not  excessive  for  two- 
dimensional  flows.  There  exist,  however,  several  other  difficulties  that  are  not  removed  by  either  amthod. 
Theae  difficulties  are  described  below. 


Vorticity  Solution  - Kinetics 


A major  source  of  difficulty  in  the  kinetic  part  of  general  viscous  flow  computation  it  the 
aimulteneous  occurrence  of  the  diffusive  and  convective  proceaaea  in  the  flow.  Theae  two  procetaea  proceed  at 
drastically  different  rates  at  high  Reynolds  numbers.  The  length  and  tiaw  scales  of  theae  procetaea  are 
vastly  different.  This  fact  leads  to  vastly  different,  often  overly  stringent,  requirements  on  the  time 
interval  and  grid  spacing  because  of  accuracy  and  stability  cons iderat ions.  In  comparison  to  problems  in 
idiich  either  the  diffusive  process  or  the  convective  process  it  alone  important,  the  kinetic  aspect  of  the 
general  viacoua  flow  it  iaaenaely  more  complex.  For  boundary  layer  flows  in  two-dimentiont,  the  diffusive 
process  ia  of  negligible  importance  in  comparison  to  the  convective  proceat  along  the  direction  parallel  to 
the  body  surface.  In  the  direction  perpendicular  to  the  body  surface,  the  convective  and  diffusive  proceaaea 
are  of  comparable  importance  and  the  length  tcalet  of  the  two  procetaea  are  not  vastly  different. 
Consequently,  the  boundary  layer  momentum  equations  do  not  contain  the  above  described  difficulty  associated 
with  the  general  viscous  flow. 


In  Raf.  5,  an  integral  repreaentation  for  the  vorticity  vector  ia  presented.  This  integrel 
representation  is  completely  equivelent  to  the  differential vorticity  transport  equation  (4).  A solution 
procedure  baeed  on  this  representation  is  suggested  in  Ref.  5.  This  procedure  has  been  calibrated  recently 
using  simple  problems  with  known  analytical  solutions.  A noteworthy  feature  of  this  procedure  is  that  the 
kinetic  processes  of  diffusion  and  convection  arc  represented  by  separate  integrals  and  the  contributions  of 
these  two  processes  to  the  time  varietion  of  vorticity  can  be  evaluated  separately  in  a convenient  manner. 
This  new  procedure  ia  being  developed  for  complex  time-dependent  probleaa.  The  work  reported  in  the  present 
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paper,  however,  are  based  on  extensions  of  existing  finite-difference  and  finite-eleaent  aethods.  For  the 
iapulsively  started  airfoil,  a aethod  of  flowfield  segaentation  is  developed  and  used  in  conjunction  with  a 
aodified  strongly  iaplicit  procedure.  For  the  oscillating  airfoil,  a hybrid  finite  difference-finite 
eleaent  aethod  it  established.  These  aethods  will  be  outlined  in  later  sections  of  this  paper. 

3.3.  Kineaatics  - Integral  Representation  and  Flowfield  Segaentation 

It  is  well  known  that  the  coaputer  time  requireaent  for  the  finite-difference  solution  of  a general 
viscous  flow  problea  in  general  increases  rapidly  with  the  flow  Reynolds  nuaber.  The  basic  cause  of  this 
difficulty  is  that  the  kineaatic  aspect  of  the  general  viscous  flow  problea  is  ^described  by  elliptic 
differential  equations,  e.g.  Eq.  (S)  oje  Eq.  (7).  The  finite-difference  solution  of  v at  any  given  point  in 
the  flowfield ^ependa  on  the  value  of  v at  the  neighboring  points.  It  is  therefore  not  possible  to  evaluate 
the  value  of  v explicitly,  point  by  point,  using  a finite-difference  aethod.  The  solution  field,  in  fact, 
should  be  infinite  so  as  to  satisfy  the  freestreaa  condition  at  infinity.  For  nuaerical  solution,  the 
infinite  solution  field  needs  to  be  represented  by  a finite  nuaber  of  grid  points.  Substantial  inaccuracy 
can  result  if  one  truncates  the  solution  field  and  specifies  freestreaa  velocity  condition,  or  eome  other 
condition,  on  soae  outer  boundaries  at  finite  distances  froa  the  solid  boundary  (Reference  8).  In  aany 
previous  works,  this  outer  boundary  is  placed  at  a distance  of  ten  chord  lengths  or  aore  froa  the  solid 
boundary  in  hope  that  the  inaccuracy  resulting  froa  the  replaceaent  of  an  infinite  region  by  a finite  one  is 
then  uniaportant.  Such  practices  aay  lead  to  fundaaental  difficulties  and  aust  be  handled  with  great 
caution.  For  exaaple,  it  can  be  shown  that  if  the  steady  state  equations  are  to  be  treated  and  the  freestreaa 
velocity  boundary  condition  is  applied  at  a closed  outer  boundary  at  finite  distances  froa  the  airfoil,  then 
no  solution  for  an  airfoil  with  non-zero  lift  force  is  possible. 

As  discussed  earlier,  for  high  Reynolds  nuaber  flows,  the  vortical  regions  surrounding  and  trailing 
the  solids  are  relatively  saall.  The  effects  of  viscosity  are  iaportant  only  in  this  region.  The  gradients 
of  field  variables  are  large  and  the  corresponding  length  scale  for  this  region  is  saall,  particularly  in  the 
boundary  layer.  Consequently,  in  order  to  have  sufficient  solution  resolution  in  this  region,  the  grid  lines 
aust  be  very  finely  spaced.  If  this  fine  spacing  is  continued  into  the  potential  region  of  the  flow,  which 
has  been  suide  finite  but  is  still  large,  a gigantic  nuaber  of  grid  points  invariably  enter  the  coaputation 
procedure.  This  iaplies  that  an  excessive  asnunt  of  coaputer  tiae  is  needed  to  solve  the  equations.  With 
increasing  Reynolds  nuaber,  the  length  scale  in  the  vortical  region  decreases.  The  nuaber  of  grid  points, 
and  hence  also  the  needed  coaputer  tiae,  therefore  increases  with  increasing  Reynolds  nuaber. 

The  coordinate  transforaation  and  finite-eleaent  aethods  provide  a degree  of  relief  froa  the 
excessive  coaputing  needs  at  high  Reynolds  nuabexs.  For  exaaple.  Ref.  17  describes  a aethod  which  aaps  the 
fluid  region  into  the  interior  of  a rectangle.  A uniforaly  spaced  grid  aystea  is  used  in  the  transforaed 
plane  to  nuaerically  solve  the  transforaed  differential  equations.  In  the  ^ysical  plane,  the  corresponding 
spacing  between  grid  lines  increases  as  the  distance  froa  the  solid  boundaries  increases.  With  the 
"expanding"  grid  systea  in  the  physical  plane,  it  is  possible  to  substantially  reduce  the  nuaber  of  grid 
points  entering  the  solution  procedure  and  to  aake  this  nuaber  less  sensitive  to  the  Reynolds  nuaber. 

With  a finite-eleaent  aethod,  since  the  eleaents  esn  be  of  arbitrary  sizes  and  shapes,  an  expanding 
grid  systea  is  not  difficult  to  devise.  To  researchers  accustoaed  to  the  finite-difference  approach,  the 
finite-eleaent  procedure  for  setting  up  a set  of  algebraic  equations  aay  appear  to  be  circuitous.  It  should 
be  noted,  however,  that  the  coordinate  transfoaration  approach,  usually  considered  an  iaproved  finite- 
difference  procedure,  also  would  appear  to  be  circuitous  to  those  accustoaed  to  the  use  of  uniforaly  spaced 
finite-difference  grid  in  the  physical  plane.  The  added  coaplications  of  coordinate  transforaation,  or  of 
the  finite-eleaent  approach,  however,  are  aaply  justified  by  their  ability  to  accurately  represent  the 
boundary  geoaetry,  as  discussed  in  Section  3.1.  The  ability  to  have  an  expanding  grid  systea  is  an 
additional  iaportant  property  of  these  approsches.  However,  these  spproaches  by  theaselves  do  not  perait  an 
explicit,  point  by  point,  evaluation  of  the  velocity  values,  and  therefore  the  solution  field  needs  to 
include  the  potential  region  as  well  as  the  vortical  regions  of  the  flow. 

As  discussed  in  Section  3.1,  in  treating  the  attached  flow  problea,  the  solution  field  for  the 
boundary  layer  equations  can  be  confined  to  the  thin  vortical  layers  near  the  solid  bodies.  There  is  no  need 
to  concurrently  solve  the  potential  and  the  vortical  flow  probleaa.  Rather,  the  two  probleaa  are  solved 
individually  and  aatched.  With  attached  flows,  therefore,  the  difficulty  of  sismltaneously  accoaaodating 
the  potential  and  vortical  regions  is  absent.  This  fact  is  a aajor  reason  contributing  to  the  success  of  the 
finite-difference  approach  in  solving  boundary  layer  problems. 


For  the  general  viscous  flow  problem,  the  kinetic  aspect  of  the  computation  can  be  confined  to  the 
vortical  regions  of  the  flow.  From  Eq.  (A),  it  is  obvious  that  if  the  vorticity  and  velocity  fields  in  the 
vortical  regions  are  known  at  any  given  time  level,  then  the  time  rate  of  change  of  vorticity  at  that  time 
level  is  determinate.  There  is  no  need  to  go  beyond  the  vortical  regions  and  their  inmifdiate  neighborhood  to 
establish  a new  vorticity  distribution  at  the  subsequent  time  level.  Consequently,  if  the  kinematic  aspect 
of  the  computation  can  also  be  confined  to  the  vortical  region,  then  the  solution  field  need  not  extend  into 
the  potential  flow  region  and  the  difficulty  of  simultaneously  accommodating  the  potential  and  the  vortical 
regions  is  removed.  In  Ref.  2,  it  is  shown  that  the  confinement  of  the  kinematic  aspect  of  the  computation 
to  the  vortical  region  is  possible  if  the  differential  equations  describing  the  kinematics  of  the  general 
viscous  flow  problem  is  recast  into  an  integral  representation  of  the  velocity  vector  (or  of  the  vector 
potential).  In  this  research,  the  integral  representation  for  the  kinematice  of  the  problem  is  used  together 
with  the  differential  vorticity  transport  equation  (4).  The  formulation  of  the  overall  problem  is  named  the 
integro-differential  formulation. 


In  Ref.  2,  it  is  shown  that  Eqs.  (2)  and  (3),  together  with  velocity  boundary  conditions,  can  be 
recast  into  the  following  integral  representation  for  the  velocity  vector: 
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where  r ii  the  position  vector,  bi  ^is  the  vorticity  vector,  S is  any  region  occupied  by' the  fluid  or  the 
solid,  B is  the  boundary  of  R,  and  n is  the  unit  norsMl  vector  directed  outward  froa  R,  A ~ 4it  and  d • 3 
in  three-diaensional  probleas  and  A ■ 2it  and  d ~ 2 ^in  two-dinenaional  problems.  The  subscripts  "o"  in 

dR  and  dB  indicate  that  the  integrations  are  in  the  r space, 
o o o 

Equation  (8)  is  valid  for  all  position  vectors  in  R and  on  B and  is  completely  equivalent  to 
Eqs.  (2)  and  (3)  together  with  the  velocity  condition  on  the  boundary  B.  The  use  of  Eq.  (8),  in  place  of 
Eqs.  (2)  and  (3),  permits  the  explicit,  point  by  point,  computation  of  the  velocity  distribution  in  R, 
provided  that  the  vorticity  distribution  in  R and  the  velocity  condition  on  B are  known. 


The  second  integral  in  Eq.  (8)  represents  the  contribution  of  the  velocity  boundary  condition  to  the 
velocity  field  within  the  boundary.  For  the  problem  of  an  external  flow  past  a solid  body  undergoing 
translation  and  rotation,  it  has  been  shorn  (Ref.  8)^that  this  contribution  can  be  expressed  in  terms  of  the 
instantaneous  rectilinear  and  angular  velocities,  -v  and  R,  of  the  solid.  Equation  (8)  then  reduces  to 


»(?,  t)  - - i 


ii)(r  , t)  X (r  - r) 

2— 5 A <« 

R,  I?  - 


* 2 


; 

R 


t)  X (? 


o 


vjt) 


(9) 


where  R^  and  R^  are  respectively  the  regions  occupied  by  the  fluid  and  the  solid  body.  The  coordinate 
system  translates'with  the  solid  but  does  not  rotate  with  it. 


The  vortical  regions  at  any  finite  time  level  after  the  onset  of  the  motion  are  of  finite  extent  and 
are  within  finit^  distances  from  the  solid  boundaries.  The  region  of  integration  is  therefore  finite. 
Furthersnre,  as  r goes  to  infinity,  the  integrands  in  Eq.  (9)  vanish.  The  freestream  boundary  condition  is 
therefore  satisfied  at  infinity. 


Equation  (7),  together  with  appropriate  boundary  conditions,  can  be  recast  into  an  integral  represen- 
tation for  the  vector  potential  T.  For  two-dimensional  flows,  f has  only  one  non-vanishing  component  in 
the  direction  perpendicular  to  the  plane  of  the  flow.  This  component  is  familiarly  interpreted  as  the  stream 
function  T ■ An  integral  representation  for  F is  (Ref.  10): 
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The  second  integral  in  Eq.  (10)  again  represents  the  contribution  o|  the  boj^ndary  condition.  For  a 
solid  body  translating  in  an  infinite  fluid,  this  contribution  is  simply  where  k is  the  unit 
vector  in  the  direction  perpendicular  to  the  flow.  Equation  (10)  becomes  for  this  case 


y (?,  t)  - ^ r u(t  , t)  In  1^1  dR  ♦ (^  X r).  { (11) 
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Equations  (10)  and  (11)  are  valid  in  the  physical  plane  (x,  y)  and  in  any  plane,  say  (S,0)>  related  to 
the  physical  plane  by  a conformal  transformation,  with  the  stream  function  T an  invariant  under  the 
transformation.  The  vorticity  in  the  (x,y)plane  ia  related  to  that  in  the  (C,n)  plane  by  the  following 
formula 


I • H*o)(x,  y,  t)  (12) 

where  H ia  the  scale  factor  for  the  transforsMtion  and  is  defined  by 
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The  position  vector  in  the  (x,y)  plane  is  given  by  r 

r ” cf  ♦nT- 


xi  * yj  and  that  in  the  ((,0)  plane  is  given  by 


Equation  (11)  or,  equivalently,  Eq.  (9)  forms  the  basis  of  earlier  studies  of  the  integro- 
differcntial  approach  by  the  present  authors  and  by  others.  It  has  been  pointed  out  (Ref.  8}  that  the 
operation  count  of  numerical  procedures  based  on  these  equations  can  be  high.  For  example,  suppose  the 
vortical  region  of  the  flow  contains  H grid  points.  Equation  (11)  ia  represented  by  the  algebraic 
equations 
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idiere  i refers  to  a grid  point  at  idtich  the  value  of  T ia  to  be  computed,  j refers  to  a boundary  point  or 
a vortical  point,  Fj^  are  geometric  coefficients  whose  values  depend  on  the  relative  position  of  the  points 
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i and  j,  and  are  constant  values  corresponding  to  the  last  term  of  Eq.  (11).  The  coeiputation  of  each 
streaa  function  value  using  Eq.  (14)  requires  about  2N  algebraic  operations  (N  nltiplicatons  and  R 
additions),  provided  that  the  geometric  coefficients  F..  are  known  and  need  not  be  computed..  The  use  of 
Eq.  (14)  to  evaluate  stream  function  values  at  all  the  grid  points  requires  a total  of  2N^  algebraic 
operations.  It  is  %fell  known  that  an  efficient  finite-difference  or  finite-element  solution  of  the  two- 
dimensional  form  o^  Eq.  (7)  for  a field  containing  N grid  points  requires  a much  smaller  number  of 
operations  than  2H  . The  use  of  the  integral  representation  in  the  form  of  Eq.  (11),  or,  equivalently, 
Eq.  (9),  is  therefore  computationally  efficient  only  if  the  confinement  of  the  solution  field  to  the  vortical 
regions  results  in  a substantial  reduction  in  the  number  of  grid  points  required. 

For  BUtny  high  Reynolds  number  flows,  the  vortical  region  constitutes  only  a small  portion  of  the 
entire  flowfield  so  that  a substantial  reduction  in  the  needed  number  of  grid  points  is  indeed  accomplished 
by  the  use  of  Eq.  (11).  It  should  be  emphasized,  however,  that  even  if  the  reduction  in  the  number  of  grid 
points  is  not  substantial,  the  integro-dif ferential  approach  still  offers  highly  efficient  numerical 
procedures . 

One  method  of  accomplishing  superior  computational  efficiency  is  to  use  Eq.  (11)  only  in  the 
computation  of  stream  function  (or  velocity)  values  at  grid  points  surrounding  the  vortical  regions.  Once 
this  is  completed,  the  computation  of  stream  function  values  at  grid  points  in  the  vortical  regions  can  be 
carried  out  using  a finite-difference  or  a finite-element  method.  In  this  manner,  the  superiority  of  the 
integro-dif ferential  approach  is  assured  since  an  optimum  isethod,  including  a method  that  may  appear  in  the 
future,  can  be  incorporated  into  the  numerical  procedure  and  the  solution  field  can  be  confined  to  the 
vortical  regions. 


Another  method  of  improving  the  computational  efficiency  is  to  utilize  a flowfield  segmentation 
technique  (Ref.  11).  This  technique  has  been  suggested  in  conjunction  with  the  velocity  integrals, 
Eqs.  (8),  and  (9)  and  tested  on  the  problem  of  a flow  past  a finite  flat  plate.  The  application  of  this 
technique  in  conjunction  with  the  stream  function  formulation  is  outlined  here. 


The  flowfield  is  segmented  into  compartments  each  containing  a suitable  number  of  grid  points.  With 
known  vorticity  values  at  all  grid  points  at  a new  time  level,  new  stream  function  values  at  grid  points 
located  on  the  boundary  of  the  compartments  are  computed  from  Eq.  (14).  Values  of  the  normal  gradient  of  the 
stream  function  at  the  compartment  boundary  are  computed  from  an  equation  similar  to  Eq.  (14)  derived  by 
differentiating  Eq.  (11)  and  representing  the  result  by  algebraic  equations. 


Stream  function  values  at  grid  points  located  interior  of  the  compartments  are  now  computed  using 
Eq.  (10).  Suppose  the  vortical  region  is  segmented  into  several  compartments  each  containing  P number  of 
grid  points,  with  Q number  of  grid  points  located  on  the  compartment  boundary.  Equation  (10)  is  now 
represented  for  each  compartment  by  the  algebraic  equations: 
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where  the  first  sumsation  is  over  all  grid  points  of  the  compartment  and  the  second  susssation  is  over  all 
grid  points  on  the  compartment  boundary.  The  use  of  Eq.  (IS)  to  compute  each  stream  function  value  requires 
2(P+2Q)  algebraic  operations.  This  operation  count  is  cl larly  substantially  smaller  than  2N  if  N is 
large.  If  the  solution  field  is  segmented  into  a larger  number  of  compartments,  then  the  operation  count 
2(P+2Q)  decreases.  On  the  other  hand,  with  an  increasing  number  of  compartsients , the  total  number  of  grid 
points  located  interior  of  all  the  compartments  decreases.  As  a result,  there  are  fewer  grid  points  in  the 
solution  field  for  idtich  the  segmentation  technique  offers  a computational  advantage.  At  the  same  time,  the 
number  of  grid  points  located  on  compartment  boundaries  increases  with  the  number  of  compartments;  and  on 
these  grid  points  not  only  the  stream  function  value  but  also  its  normal  gradient  must  be  computed.  There 
exists,  therefore,  an  optimum  number  of  compartments  for  each  problem  considered.  This  optimum  number 
depends  on  the  total  number  of  grid  points  in  the  vortical  region  and  the  geometric  distribution  of  these 
grid  points.  It  is  not  difficult  to  show,  however,  that  the  optimum  number  of  compartments  in  general 
increaaes  with  the  total  number  of  grid  points.  Consequently,  the  factor  of  reduction  in  the  operation  count 
also  increases  with  the  total  number  of  grid  points.  For  example,  with  1089  grid  points  arranged  in  a 
33  X 33  array,  the  operation  count  can  be  reduced  by  a factor  of  about  2.5  with  the  segsKntation  technique. 
With  4225  grid  points  arranged  in  a 65  x 65  array,  the  operation  count  can  be  reduced  by  a factor  of  about 
4.6. 


Substantial  reductions  in  the  total  operation  count  for  problems  requiring  s large  number  of  grid 
points  is  a highly  significant  feature  of  the  flowfield  segmentation  technique  since  it  is  precisely  for 
these  problems  that  excessive  computer  time  presents  a serious  obstacle.  An  additional  highly  significant 
feature  of  this  technique  is  the  inherent  flexibility  it  offers.  The  compartments  utilized  in  the  solution 
procedure  can  be  of  any  arbitrary  size  or  shape.  Once  the  stream  function  (or  velocity)  values  are 
established  on  the  boundary  of  a compartment,  the  computation  within  that  compartment  can  be  performed 
independently  of  that  in  other  compartments.  Consequently,  the  flowfield  segmentation  technique  is  well 
suited  for  parallel  programming. 

Since  the  compartments  can  be  chosen  to  be  of  standard  simple  shapes,  such  as  rectangles,  except  near 
solid  boundaries  of  irregular  shape,  various  efficient  methods  can  be  adopted  for  the  interior  point 
computation.  That  is,  one  does  not  always  need  to  use  Eq.  (15)  for  the  interior  point  computation.  Rather, 
highly  efficient  methods  such  as  the  fast  Fourier  trsnsform  method  that  are  particularly  well  suited  for 
simple  boundary  geometries  can  be  utilized.  If  Eq.  (15)  is  used,  then  the  number  of  geometric  coefficients 
that  enters  the  computation  procedure  is  drastically  reduced  by  the  use  of  compartments  of  stsoda^l  shapes. 
Note  that  with  Eq.  (14),  the  number  of  geometric  coefficients  entering  the  computation  is  These 

geometric  coefficients  are  independent  of  time.  However,  if  N is  very  large,  then  the  storage  of  the 
coefficients  may  present  a problem,  and  the  coefficients  may  need  to  be  computed  repeatedly  for  different 
time  levels.  With  Eq.  (15)  snd  standsrd  shape  for  compartments,  the  nusd>er  of  geometric  coefficients  is 
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P(P+2Q).  This  number  can  be  further  reduced  Co  P+2Q  if  the  compartments  are  rectangles  and  uniformly  spaced 
grid  is  used  in  each  compartment.  These  numbers  are  generally  small  enough  so  that  all  geometric 
coefficients  can  be  scored. 

As  discussed  earlier,  the  length  scales  for  the  potential  and  vortical  regions  of  Che  flow  are 
generally  vastly  different  in  magnitude.  The  use  of  the  integral  representation  for  the  kinematic  aspect  of 
Che  problem  makes  it  possible  to  confine  Che  solid  field  Co  the  vortical  regions  only.  However,  in  the 
general  viscous  flow,  the  length  scale  within  Che  vortical  regions  varies  greatly.  In  the  boundary-layers, 
the  length  scale  is  represented  by  Che  boundary  layer  thickness  in  the  direction  perpendicular  Co  the  solid 
surface.  In  the  wake  and  recirculating  regions,  the  length  scale  is  represented  by  the  body  dimensions.  The 
segmentation  technique  offers  a convenient  means  of  separating  these  parts  of  vortical  regions  in  the 
solution  procedure. 

The  above  features  of  the  segmentation  technique  are  expected  to  be  highly  important  for  three- 
dimensional  flows  requiring  Che  use  of  very  large  number  of  grid  points.  For  the  present  studies  of  two- 
dimensional  flows,  only  a few  of  these  features  of  flowfield  segmentation  are  incorporated  into  Che  solution 
procedure.  It  is  noteworthy  that  the  segmentation  technique  is  useful  also  in  the  solution  of  the  kinetic 
aspect  of  Che  problem.  In  Che  present  study  of  Che  impulsively  started  airfoil  problem,  the  solution  field 
is  divided  into  compartments  in  the  kinetic  part  as  well  as  the  kinematic  part  of  the  computation. 

3.4.  Extraneous  Vorcicicy  Boundary  Condition 

The  solution  of  Eq.  (4)  requires  a knowledge  of  the  vorticity  values  on  the  boundaries  of  the  fluid  as 
a function  of  time.  The  establishment  of  new  vorticity  values  on  solid  boundaries  is  a necessary  part  of  the 
overall  solution  procedure.  In  most  of  the  previous  investigations,  one-sided  difference  formulas  have  been 
used  to  estisiaCe  the  vorticity  values  on  solid  boundaries  from  the  no-slip  condition  and  the  computed  stream 
function  (or  velocity)  values  at  grid  points  near  the  boundary.  The  computer  time  required  for  such 
calculations  is  very  smsll  compared  to  that  required  for  the  calculation  of  field  values  of  vorticity.  It 
has  been  found,  however,  that  one-sided  difference  formulas  of  first-order  accuracy  tend  to  yield  stable 
solutions,  while  second-order  accurate  formulas  tend  to  give  unstable  results  at  high  Reynolds  numbers.  In 
fact,  for  sosie  problems,  second-order  formulas,  even  when  stable,  gave  less  accurate  solutions  than  did  the 
first-order  formulas  (Reference  19).  The  use  of  first-order  formulas,  however,  restricts  the  overall 
accuracy  of  the  solution.  In  particular,  it  has  been  shown  (Reference  8)  that  first-order  formulas  do  not 
permit  the  effect  of  tangential  pressure  gradient  on  the  local  boundary  vorticity  generation  to  be  accounted 
for.  There  existed,  therefore,  considerable  uncertainties  regarding  the  correct  one-sided  formula  to  use, 
and  regarding  the  limitations  of  each  formula.  These  difficulties  sre  independent  of  the  computer  time 
needed  for  the  component  problem  under  consideration,  and  are  discussed  more  fully  in  Reference  8.  They  are 
referred  to  as  the  extraneous  boundary-condition  problem  since  the  proper  boundary  condition  for  the 
physical  problem  is  that  for  the  velocity  (or  the  stream  function).  The  specification  of  the  vorticity  on 
the  boundary  of  the  fluid  domain  overspecifies  the  problem.  These  difficulties  of  extraneous  boundary 
conditions,  however,  sre  not  peculiar  to  the  formulation  of  the  problem  using  the  vorticity  as  a field 
variable.  If  Eq.  (1)  is  to  be  solved  numerically  instead  of  Eq.  (4),  then  it  is  necessary  to  know  the 
pressure  on  the  solid  boundaries  in  addition  to  the  velocity. 

The  extraneous  boundary-condition  problem  is  absent  in  the  boundary  layer  problem  since  the  pressure 
in  a direction  normal  to  the  boundary  (vortical)  layer  is  practically  constant.  Thus  the  pressure  on  the 
solid  boundaries  is  equal  to  that  at  the  outer  edge  of  the  boundary  layer  where  it  is  determined  by  the  outer 
flow.  For  the  general  viscous  flow,  the  vortical  region  is  not  necessarily  thin  and  the  above  simplification 
may  not  be  valid. 

In  Ref.  8,  it  is  shown  that  the  prescribed  velocity  boundary  condition  imposes  a kinematic 
restriction  on  the  boundary  vorticity  values.  The  integral  representation  for  the  velocity  vector  then 
permits  an  accurate  determination  of  the  boundary  vorticity  value  through  the  solution  of  an  integral 
equation. 

Consider,  for  example,  a solid  undergoing  translation  only.  The  second  integral  in  Eq.  (9)  vanishes. 
If  the  vorticity  distribution  is  known  interior  of  the  fluid  domain  R.',  then  the  first  integral  in  Eq.  (9) 
can  be  written  as  a sum  of  an  integral  over  R,'  and  an  integral  over  the  s^lid  boundary  B on  idiieh  a layer 
of  vorticity  C exists.  For  two-dimensional  flow,  one  then  has,  since  v ■ 0 in  the  solid. 


• point  interior  of  the  solid,  n indicates  a normal  component,  F.  is  the  tangential  component 
of  F,  iXich  is  defined  by  b 


♦ , w_  * (t  - r ) 

' ’ / — ■ 1 «l»  (17) 

Ri  r - r I ° 

f *00' 

with  known  in  t ii  deteninate.  Equation  (16)  therefore  ia  a Fredholm  integral  equation 

containing  5 aa  the  unknown  function.  Thia  function  5 ia  rendered  unique  by  the  principle  of  conaerwation 
of  total  worticity  (Ref.  8)  which  requirea 


j (dB  ♦ 0)  dR  - 0 (18) 


In  previoua  atudiaa,  the  integral  equation  (17)  la  approximated  by  a eat  of  aimultaneoua  algebraic 
equationa  containing  C valuea  at  boundary  grid  pointa  aa  unknown.  The  aet  of  equatlona  ia  aolwed  uaing 


24-9 

iterative  Bethoda.  In  the  present  study,  closed  fom  solutions  of  the  integral  equation  (17),  subject  to  the 
restriction  (18),  are  obtained.  These  closed  forsi  solutions  make  it  possible  to  evaluate  values  on  the 

solid  boundaries  explicitly,  point  by  point.  It  is  found  that  these  explicit  calculations  yield  highly 
accurate  values  of  vorticity  on  solid  boundaries.  The  derivations  of  the  closed  form  solutions  are  presented 
in  Ref.  1 and  will  also  appear  in  future  articles. 

4.  . IMPULSIVELY  STARTED  AIRFOIL 


The  integro-differential  formulation  in  terms  of  the  stream  function  and  vorticity  is  particularized, 
transformed,  and  applied  to  the  study  of  the  time-dependent  incompressible  viscous  flow  past  an  impulsively 
started  92  thick  symsietric  Joukowski  airfoil  at  an  angle  of  attack  of  15°  and  a Reynolds  number  of  1000.  This 
problem  has  been  studied  previously  by  Mehta  (Ref.  22)  who  mapped  the  fluid  domain  into  the  interior  of  a 
unit  circle  and  used  a finite-difference  laethod  to  solve  the  transformed  vorticity  transport  and  Poisson's 
equations.  In  the  present  study,  the  geometry  of  the  airfoil  is  identical  to  the  one  studied  by  Mehta.  The 
vorticity  transport  equation  and  the  integral  representation  are  re-expressed  in  Mehta's  transformed  plane 
and  Mehta's  grid  spacings  are  adopted  in  order  to  facilitate  a comparison  between  the  integro-differential 
results  of  the  present  study  and  the  finite-difference  results  of  Mehta. 

The  major  features  of  the  numerical  procedures  used  in  this  study  is  described  below  for  the  component 
problems  shown  in  Fig.  1. 

The  grid  system  is  obtained  through  a transformation.  This  system  is  boundary-fitted  and  expanding. 
The  shape  of  the  9Z  symmetric  Joukowski  airfoil  is  given  in  Figure  2 in  the  complex  plane  z • x + iy.  By 
using  the  conformal  transformation 


Z y + T 


1C  C‘ 


+ 1C 


(19) 


ie 


where  K ■ re",  C and  y are  real  constants,  the  airfoil  surface  transforms  into  a circle  and  the  exterior  of 
the  airfoil,  i.e.,  the  fluid  domain,  is  mapped  in  the  k plane  as  the  interior  of  the  circle. 

For  Che  present  problem,  Che  values  of  C and  y are  taken  to  be  0.9241635  and  -0.05214  respectively. 
The  coordinates  and  the  flow  variables  are  Co  be  non-dimensionalized  with  respect  to  the  radius  of  the  circle 
and  the  freestream  velocity.  The  non-dimensional  chord  length,  L,  of  Che  airfoil  is,  according  to 
equation  (19),  3.71281277.  The  airfoil  is  8.9998Z  Chick. 

The  kinematic  part  of  the  computation  is  performed  in  the  k plane.  Anon-conformal  transformation  is 
utilized  to  obtain  an  efficient  distribution  of  grid  points  for  the  kinetic  pqrC  of  the  computation.  The 
coordinate  in  Che  K plane  is  not  modified.  The  r coordinate  is  "stretched"  by  the  relation  (Ref.  22) 


1 

O 


tanh"^(1.996590918r  - 1.032563339)+2.8 


(20) 


This  transformation  maps  the  annular  region  between  r ■ 0.02  and  r • 1 in  the  K-plane  into  the  interior  of 
a unit  circle  in  the  p-3  plane. 

The  grid  system  in  Che  p-6  plane  is  formed  by  using  Ap  ~ 1/47  and  A6  ■ ii/40.  The  coordinates 

of  the  grid  point  i,j  are 

p • 1.0  - (j  - DAp  and  0 “(i  - 1)A0 

Note  that  j " 1 corresponds  to  the  airfoil  surface  and  j ■ 48  (p  >0)  corresponds  roughly  to  a circle  of 
radius  13  L in  the  physical  plane.  The  corresponding  grid  system  is  shoim  in  Fig.  2. 

The  vorticity  distribution  immediately  after  the  start  of  the  airfoil  motion  consists  only  of  a vortex 
sheet  on  the  airfoil.  The  determination  of  Che  initial  vorticity  distribution  does  not  require  a special 
procedure.  Rather,  tte  procedure  outlined  inSeccion  3.4.  J.s  applicable.  With  the  vorticity  everywhere  zero 
in  Rj',  the  vector  F,  defined  by  Eq.  (17),  is  simply  -2irv  . With  this  value  oft,  Eq.  (16)  can  be  solved 
numerically  to  give  the  initial  distribution  of  vorticTty  (vortex  strength)  on  the  airfoil  surface. 
Alternatively,  the  closed  form  solution  of  Eq.  (16),  subject  to  the  condition  (18),  is  recognized  to  be 


2v  Sin(0»a) 


(21) 


in  the  transformed  plane  The  corresponding  vortex  strength  in  the  physical  plane  z is  equal  to  C /H,  H 
being  the  scale  factor  defined  by 


«-iDi 


(22) 


is 


The  vorticity  transport  equation  expressed  in  the  working  plane  in  terms  of  non-dimensional  variables 


rV^ 


, dp  /3T  3(1) 

' 37  VSp  -se 


3r  3b) 
39  "Sp 


L L ’ liu*  ,/dP^  ^dijN 

L ^ ap’  V'*'  4r  / ^ 8e*J 


(23) 


idiere  b)  is  the  vorticity  in  the  physical  plane. 
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The  vorticlty  transport  equation  (23)  la  approxinated  by  an  ioplicit  finite-difference  equation  uaing 
a 3-point  backward  differencing  to  represent  the  time  derivative: 


3(11 

7t 


ISt 


(3(j''*‘-  40)"  ♦ 


n-1. 
(d  ) 


where  the  superscript  refers  to  the  time  level.  Space  derivatives  of  vorticity  are  repreaented  by  central 
differencing  at  the  time  level  n+1.  The  finite  difference  equation  is  of  the  form 


+ H.  . 

i.J 


(I) 


n+1 
i,  j+1 


. / o n ,1  n-1  . 

J.  .(-2u)  . . + TT  (i).  . ) 

j 1,  j 2 i,j 


(24) 


The  coefficients  B,  D,  F and  H contain  derivatives  of  T and  arc  time-dependent.  In  the  present  work,  the 
coefficients  are  evaluated  at  the  time  level  n. 


The  selection  of  central  differencing  for  the  space  derivatives  of  vorticity  was  made  after  comparing 
computed  results  for  the  first  few  time  steps  using  central  differencing  with  those  using  upwind  differencing 
and  using  Arakawa  differencing  (Ref.  23).  No  significant  deviations  between  the  numerical  values  of 
vorticity  was  revealed.  Mehta  (Ref.  22)  used  Arakawa  differencing,  which  requires  more  arithmetical 
operations  than  central  differencing,  to  ensure  total  vorticity  conservation.  Since  the  present  method  of 
determining  surface  vorticity  distribution  conserves  the  total  vorticity,  the  use  of  central  differencing 
requiring  fewer  arithmetic  operations  is  appropriate.  Small  amounts  of  spurious  values  of  vorticity  was 
found  to  occur  in  portions  of  the  outer  field  where  the  vorticity  values  are  expected  to  be  negligible.  Such 
occurences  are  perhaps  attributsble  (Ref.  24,  25)  to  the  large  grid  spacing,  and  hence  cell  Reynolds 
numbers,  used  in  the  present  study  in  regions  of  the  flow  far  from  the  airfoil  surface.  The  use  of  upwind 
differencing  in  place  of  central  differencing  removes  this  anomalous  solution  behavior.  Arakawa  differ- 
encing was  not  found  to  be  effective  in  removing  this  spurious  vorticity.  Since  spurious  vorticity  values 
are  very  small  and  since  they  do  not  seriously  affect  the  solution,  it  was  decided  to  use  central 
differencing  which  is  higher  ordered  than  upwind  differencing. 

A iBodified  strongly  implicit  procedure  (SIP)  (Ref.  26)  was  used  to  solve  the  set  of  simultaneous 
algebraic  equations  (24)  for  vorticity  values  at  the  time  level  n-fl.  This  method  is  selected  amongst  several 
competing  methods  on  the  basis  of  its  solution  efficiency  and  accuracy.  The  relative  requirements  of 
computer  time  using  the  various  methods  were,  for  the  first  few  time  steps,  (a)  Modified  SIP  - lOOZ, 
(b)  SIP  - 220Z,  (c)  Alternating  Direction  Implicit  (ADI)  siethod  - 1S4Z,  (d)  Successive  Line  Relaxation  - 
2S4Z,  and  (e)  Successive  Point  Relaxation  Method  (used  in  Reference  22)  - 36SZ.  The  ADI  method  is  faster 
than  the  SIP  method;  but  did  not  yield  acceptable  solution  using  the  same  time  step  sizes  employed  by  the  SIP 
method. 


The  SIP  method  was  proposed  by  Stone  (Ref.  26).  Lin  et  al.  employed  the  method  successfully  to  obtain 
solutions  for  viscous  flows  past  a cylinder.  The  basic  concepts  of  this  method  as  applied  to  the  present 
problem  is  as  follows.  The  coefficient  matrix  for  Eq.  (24)  is  sparse  and  contain  only  five  non-zero 
diagonals.  With  a direct  elimination  procedure,  one  would  factorize  the  coefficient  matrix  into  the  product 
of  a lower  and  an  upper  triangular  matrix,  or  use  a procedure  Chat  is  essentially  equivalent.  In  such  cases 
the  triangular  matrices  generated  are  not  in  general  sparse.  With  the  SIP,  the  coefficient  matrix  is  altered 
in  such  a manner  that  the  altered  matrix  is  easily  factored  into  a product  of  a lower  and  an  upper  triangular 
matrix  and  Chat  the  matrices  each  have  only  three  non-zero  elements  in  each  row. 

With  the  SIP  method,  the  solution  field  is  bounded  by  the  solid  surface  (p  <•  1)  and  a constant  p line, 
say  p ~ pj  which  is  sufficiently  removed  from  the  non-negligible  vorticity  region.  The  value  of  p . is 
generally  determined  by  the  extent  of  Che  wake  region.  At  large  time  levels,  the  wake  extends  far  behind  Che 
airfoil  while  the  vortical  regions  to  the  sides  and  ahead  of  the  airfoil  extend  only  a relatively  short 
distance  from  the  airfoil.  As  a result,  a large  number  of  data  points  where  vorticity  values  are  negligible 
enter  into  the  solution  procedure.  The  modification  of  the  SIP  method  introduced  in  the  present  study 
consists  of  a division  of  the  solution  field  into  several  compartments  along  constants  lines,  the  individual 
application  of  SIP  method  in  each  compartment,  and  Che  use  of  successive  line  relaxation  sttthod  for  obtaining 
vorticity  values  along  the  dividing  constant  9 lines.  With  Che  solution  field  divided  in  this  manner,  each 
solution  block  is  bounded  by  two  constant  6 lines,  a part  of  the  p~  1 line,  and  p " p.  lines,  p^  can  be 
different  for  different  blocks.  Therefore  much  fewer  data  points  at  which  vorticity  values  are  negligible 
enter  into  the  computation.  In  the  present  study,  the  solution  field  is  divided  into  four  compartments.  The 
location  of  the  constant  9 dividing  lines  and  p^^  values  are  kept  flexible  and  are  changed  in  accordance  with 
the  shape  of  Che  non-negligible  vorticity  region  as  tiise  progresses. 

The  vortex  strengths  on  Che  airfoil  surface  are  computed  using  an  explicit  formula  in  the  transformed 

plane: 

, , (u  (r*  -1)  dR 

r - / ---  ° 2—2 ♦ 2V_Sin(o  +9  ) (25) 

‘ ♦ rj  -2r^  Cos  (9^-  9) 

The  value  of  the  airfoil-boundary  vorticity  in  the  physical  plane  at  a grid  point  located  on  Che 
airfoil  boundary  is  then  obtained  by  dividing  ( by  the  scale  factor  R and  by  the  physical  distance 
corresponding  to  %dp  nearest  the  airfoil  surface.  The  surface  vorticity  values  are  re-calculated  for  each 
iteration.  New  boundary  vorticity  values  for  Che  subsequent  iteration  are  obtained  uaing  a relaxation 
procedure  and  used  in  the  SIP  procedure  for  the  calculation  of  vorticity  values  at  grid  points  away  from  the 
boundary . 
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The  coaputation  of  the  streaa  function  it  accoaplithed  using  the  flowfield  segaentation  technique 
described  in  Section  3.3.  The  flowfield  is  divided  into  several  coapartaents.  The  boundary  of  the 
coapartaents  are  the  8 " 0 line  and  two  p * constant  lines.  Streaa  function  values  on  constant  p 
coapartaent  boundaries  are  coaputed  using  Eq.  (14)  in  the  transforaed  plane.  Streaa  function  values  at  the 
interior  points  of  each  coapartaent  are  then  calculated  using  the  strongly  iaplicit  aethod  described 
earlier. 

Instantaneous  pressure  distributions  and  shear  stress  on  the  airfoil  surface  are  deterained  froa  the 
coaputed  vorticity  values  and  gradients  on  the  surface  in  accordance  with  the  following  equationa 
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Note  that  the  direction  of  the  noraal  coordinate  is  away  froa  the  fluid  doaain.  Equation  (26)  is  a 
specialization  of  Eq.  (1)  to  the  solid  boundary  S where  the  "no-slip"  condition  applies.  The  pressure  and 
skin  friction  coefficients  C and  C.  are,  froa  Eqs.  (36)  and  (37),  expressible  as  a function  of  8 as 
follows:  ^ 


r 3(i> 

J dp  , 
o ^ p-1 


and 
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(29) 


The  force  and  aoaent  are  readily  obtained  froa  the  coaputed  values  of  C ^)  and  C^(0),  by  nuaerical 
quadrature.  In  the  present  trork,  the  values  of  Su  / 3p  are  obtained  by  nuaeridal  differentiation  using  the 

values  of  u.  , and  u. 

1,1  1,1 


Nuaerical  results  obtained  for  the  airfoil  problea  are  presented  in  Pigs.  4 to  9.  The  chordwise 
distances  froa  the  leading  edge,  x^  and  the  load  coefficients  C,  , and  shown  in  the  figures  are 
nomalised  with  respect  to  the  chord  length.  The  Reynolds  number  of  lOOCTis  basea  on  the  chord  length  and  Che 
freestreaa  velocity.  All  ocher  quantities  shown  were  normalized  with  respect  to  the  freestreaa  velocity  and 
Che  radius  of  the  unit  circle.  The  reference  time  is  the  radius  of  the  circle  divided  by  the  freestreaa 
velocity. 


A check  on  the  program  coding  was  carried  out  by  obtaining  Che  solution  for  a flow  past  a circular 
cylinder  at  a Reynolds  number  of  40.  The  solutions  were  carried  out  up  to  a diaensionless  time  level  of 
c • 9.3,  the  reference  tiae  being  the  cylinder  radius  divided  by  the  freestreaa  velocity.  The  drag 
coefficient  at  this  time  level  is  found  to  be  1.67  which  is  in  reasonable  agreement  with  an  experimental 
value  of  1.5  for  steady  state  flow.  The  coaputed  pressure  distribution  on  Che  cylinder  is  compared  with  the 
experimental  values  (Ref.  28)  in  Figure  3. 


Additionally,  for  the  airfoil  problem,  the  acceptibility  of  block  subdivision  was  checked  out  by 
comparing  Che  numerical  results  for  a few  first  tiae  steps  of  the  following  cases:  (1)  Successive  Point  and 
Line  Relaxation  Procedures  without  block  subdivisions  (2)  Strongly  Iaplicit  Procedure  (SIP)  with  no  flow 
field  subdivision  (3)  SIP  aethod  with  four  block  subdivisions  and  for  three  different  locations  of  block 
boundaries  for  the  block  enclosing  Che  trailing  edge.  The  excellent  agreesanC  of  coaputed  vorticity  values 
for  all  these  cases  indicated  the  acceptability  of  block  subi^ivision  technique.  The  major  aspects  of  the 
flow  phenomena  past  the  iapulsively  started  airfoil  at  an  angle  of  attack  of  13°  and  at  a Reynolds  number  of 
1000  are  described  below. 


At  time  t ~ 0,  Che  flow  around  the  airfoil  corresponds  to  that  of  a non-circulaCory  potential  flow. 
After  the  impulsive  start  the  rear  stagnation  point  (RSP)  moves  very  rapidly  to  the  trailing  edge  (TE)  froa 
its  potential  flow  location  of  X.  • 0.9808.  This  rapid  aoveaent  of  the  rear  stagnation  point  is  accoapanied 
by  a small  separation  bubble  locked  between  RSP  and  TE  at  time  levels  0.003  and  0.004.  After  the  RSP  has 
reached  the  TE,  plots  of  equi-vorticity  contours  show  "curling  up"  of  vorticity  field  near  trailing  edge  with 
positive  vorticity  values  in  the  curled  up  regions.  The  curling  up  of  vorticity  field  is  indicative  of 
vortex  roll-up  and  Che  foraacion  of  starting  vortex.  The  vorticity  in  this  starting  vortex  diffuses  rapidly. 

An  adverse  p4essure  gradient  on  the  upper  surface  becomes  noticeable  at  tisw  t ■ 0.068.  At  time 
C • 0.404  this  adverse  pressure  gradient  ia  more  pronounced  (Fig.  4)  and  this  leads  to  the  birth  and  growth 
of  the  first  separation  bubble  with  clockwise  flow.  This  bubble  eventually  extends  over  alaost  the  entire 
upper  surface  of  the  airfoil,  at  time  t ■ 6.228  (Fig.  5a).  At  Che  very  next  time  level,  t - 6.74,  its  re- 
atCachaent  point  separates  froa  the  airfoil.  In  Figure  5,  streaalines  are  shown  around  Che  airfoil  for 
several  tiae  levels.  The  values  of  Che  stream  function  are  in  the  range  -0.48  to  0.48  in  steps  of  0.04.  As 
the  bubble  size  increases  the  pressure  gradient  on  Che  upper  surface  decreases  as  seen  froa  Fig.  4.  The  lift 
coefficient  which  has  been  rapidly  decreasing  after  the  ii^lsive  start  (Fig.  6),  begins  to  increase  with  Che 
growth  of  the  clockwise  bubble  A,  as  seen  from  Fig.  7.  This  increase  in  lift  is  associated  with  the  fact  that 
the  attached  bubble  effectively  increases  the  caaber  of  the  airfoil.  After  the  bursting  of  the  bubble  at 
tine  t ~ 6.74,  the  lift  coefficient  increases  et  much  slower  rate  and  it  etarts  falling  off  at  cine 
C • 9.0  (Fig.  8).  The  bursting  of  the  bubble  causes  the  drag  coefficient  to  increase  (Fig.  8),  since  Che 
wake  width  is  increased  for  the  separated  flow. 

An  adverse  pressure  gradient  Jorthej|eversed_flow  on  the  upper  surface  froa  X 0.82  to  X 0.6  is 
noticeable  in  Fig.9.A  counterclockwise  bubble,  ■,  appears  in  this  region  and  grows  with  tine.  The 
this  counterclockwise  bubble  causes  the  lift  coefficient  to  fall  off  rapidly  (Fig.  8).  From  tiae  t ■ 6.74 
to  C • 17.62  there  is  no  rear  stagnation  streamline  and  the  rear  stagnation  point  becomes  the  separation 
point  of  a counterclockwise  bubble,  C (Fig.  56).  The  growth  of  bubble  B partitions  the  recirculating  region 
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A into  region*  A'  and  D (Fig.  Sb).  Also  bubbles  B and  C aarge  together  and  then  lift  off  from  the  surface  at 
tiae  t • 17.748  (Fig.  Sc).  At  thia  tiae  level  region  D becoaes  an  attached  clockwise  bubble,  and 
subsequently  at  tiaa  t 18.26  a counterclockwise  bubble,  B,  appear*  within  the  attached  bubble  D.  Growth 
of  this  counterclockwise  bubble  E divides  bubble  D into  two  parta  (Fig.  Sd).  A*  tiaa  progresses,  bubble  D' 
of  Fig.  Sd  aove*  towards  the  trailing  edge  and  burst*.  After  the  bursting  of  O',  the  bubble  D grow*  rapidly 
in  site  and  at  tiae  t • 2S.428  it  extends  over  alaost  the  entire  upper  surface  of  the  airfoil. 

The  present  results  are  in  good  agreeaent  with  those  of  Mehta  (Kef.  22)  until  the  buratinp  of  the 
first  separation  bubble.  After  thia  the  sequence  of  occurence  of  bubbles  and  thair  bursting  or  lift  off  froa 
surface  are  different  between  these  two  studies.  The  key  differences  are  the  following:  (1)  In  the  present 
study,  whenever  there  is  no  rear  stagnation  atreaaline,  a saall  counterclockwise  trailing  edge  bubble  is 
always  present  and  the  rear  stagnation  point  becoaes  the  separation  point  of  this  bubble.  Thia  is  not  found 
true  in  Mehta's  study.  (2)  After  bubbles  B and  C aerge  they  stay  aerged  and  lift  off  froa  the  surface 
together.  In  Mehta's  study  they  separate  again  and  only  bubble  C lifts  off  to  surface.  Bubble  B stays  on  the 
surface  to  play  the  roll  of  bubble  E of  the  present  case. 

The  following  general  conclusions  are  siaildr  between  the  two  studies.  (1)  laaediately  after 
iapulsive  start  the  rear  stagnation  point  aovea  very  rapidly  to  the  trailing  edge.  (2)  Subsequently  a 
"starting  vortex"  is  visualised  through  concentric  equivorticity  lines.  (3)  The  foraation  of  a saparation 
bubble  is  preceded  by  an  adverse  pressure  gradient  (4)  Clockwise  bubbles  extend  or  aove  towards  trailing 
edge  and  buret  (5)  Anticlockwise  bubbles  either  lift  off  the  surface  or  open  up  to  streaalines  froa  above 
the  surface  (6)  The  lift  increases  with  increase  in  the  sixe  of  attached  clockwise  bubbles  and  decreases 
when  attached  anticlockwise  bubbles  grow. 

S.  OSCILLATING  AIRFOIL 


The  integro-dif ferential  foraulation  in  tera*  of  the  velocity  vector  and  the  vorticity  is  utilised  in 
the  study  of  incompressible  flows  past  a 122  thick  synswtric  Joukowski  airfoil  oscillating  in  pitch  about  a 
pitching  axis  located  1/4  chord  froa  the  leading  edge.  The  major  features  of  the  numerical  procedure*  are 
described  below  in  terms  of  the  component  problems  shown  in  Fig.  1. 


The  solution  field,  already  confined  to  the  vortical  region,  is  divided  into  an  inner  region  and  an 
outer  region.  In  the  inner  region,  the  grid  system  consists  of  grid  points,  or  nodes,  that  are  not  uniformly 
spaced.  The  nodes  represent  vortices  of  triangular  elements.  In  Fig.  10  is  shown  the  specific  grid  system 
for  the  inner  region  used  with  the  122  thick  airfoil.  This  system  has  232  nodes,  including  48  nodes  on  the 
airfoil  surface  and  62  nodes  on  the  outer  boundary  of  the  inner  region.  This  system  gives  354  triangular 
elements.  The  grid  system  for  the  outer  region  consists  of  uniformly  spaced  grid  points  forming  a 
rectangular  array.  The  outer  region  overlaps  the  inner  region  by  one  layer  of  elesants.  That  is,  in  the 
outermost  layer  of  triangular  eleaents,  each  pair  of  elements  form  a rectangle  whose  boundaries  coincide  with 
the  rectangular  grid  line*  of  the  outer  region.  The  grid  spacing*  used  for  the  airfoil  are  Ax  ~ 0.05  and 
Ay  • 0.025.  This  grid  system  for  the  outer  region  is  not  shotm  in  Fig.  10.  The  number  of  grid  points  in  the 
outer  region  is  large.  In  the  oscillating  airfoil  case,  more  than  3500  points  are  used  in  the  outer  region. 


A finite-element  method  is  used  to  treat  the  kinetics  of  the  problem  in  the  inner  region.  In  the 
outer  region,  finite-difference  isethods  are  used.  This  hybrid  finite  element-finite  difference  method 
permits  the  grid  system  to  "fit"  the  airfoil  boundary  geometry  and  to  have  relatively  closely  spaced  grid 
points  near  the  airfoil  boundary.  By  using  a relatively  small  number  of  nodes  in  the  inner  region,  the  sixe 
of  the  relatively  complex  coefficient  laatrices  involved  in  the  finite-element  method  is  kept  small.  Most  of 
the  solution  field  is  covered  by  the  finite-difference  grid  which  leads  to  relatively  simple  coefficient 
matrices. 


Associated  with  each  node  "i"  in  the  inner  region  at  (x  ,y  ),  there  is  a composite  linear  interpolation 
function  N.(x  ,y  ) with  the  property 


N.(x.,  y.) 

1 j'  'j 


'ij 


(30) 


where  C..  is  the  Kronecker  delta.  The  interpolation  function  is  continuous  across  the  eleaant  boundaries 
(It  is  ijro  in  element*  not  containing  the  node  i)  though  its  first  derivatives  are  not  necessarily 
continuous.  The  velocity  and  the  vorticity  fields  are  assuised  to  vary  linearly  within  each  element.  Thus 
one  writes 


U - (n  h,  n ) 

*•  J» 


(31) 


for  the  triangular  element  with  node*  i,  j and  k.  Using  Galerkin's  procedure,  an  approxiaation  to  the  two- 
dimensional  vorticity  transport  equation  is 


"i^“'  ° 

The  above  weighting  process  is  applied  at  all  node*  in  the  inner  region  except  those  on  the  boundary  of  that 
ragion.  By  the  use  of  the  divergence  theorem,  one  obtains 

v/  (7*(i))N.dx  dy  ■ - W / ^ dxdy 

R ^ R ^ 


♦ w/  N.(^  )*^dB  (33) 
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The  line  integral  ia  perfonaed  over  the  boundary  of  the  inner  region.  Since  i ia  not  a boundary  node,  this 
line  integral  vaniahea  by  virtue  of  Eq.  (30).  By  the  uae  of  Eq.  (33),  the  integrand  in  Eq.  (32)  ia  re- 
expreaaed  aa  one  containing  only  f irat  derivativea  of  u . 

Equation  (32)  can  be  written  at  the  aum  of  coaiponent  integrala  over  all  eleawnta  in  the  inner  region. 
Upon  introducing  Eq.  (31)  into  the  integrala,  each  of  the  coaponent  integrala  in  the  aun  can  be  integrated, 
yielding  a ayatea  of  aiaultaneoua  differential  equationa  of  the  fora 

(h)  + (C)|wj  ♦ (D)j(o|  - |e|  (34) 
Uaing  a backward  difference  acheae  for  the  tiae  derivative,  one  obtaina 


The  teraa  on  the  left  hand  aide  of  Eq.  (32)  repreaent  reapectively  the  local  tiae  rate  of  change  of 
vorticity,  the  convection  of  vorticity,  and  the  diffuaion  of  vorticity.  The  coefficient  aatricea  (h)  and  (oj 
are  depdendent  only  on  the  node  coordinatet  and  are  independent  of  tiaK,  they  do  not  need  to  be  evaluated 
repeatedly  for  different  tiae  levela.  The  aatrix  (c  ) repreaenta  convective  proceaaea  and  ia  dependent  on 
tiae  through  the  tiae-varying  velocity  diatribution.  To  avoid  iterative  coaputation  of  the  velocity  valuea 
for  each  tiae  atep,  the  velocity  field  it  coaputed  only  for  the  old  tiaw  atep  "n".  The  coluan  aatrix  {E}  on 
the  right  hand  tide  of  Eq.  (35)  ia  alao  tiae  dependent.  It  repreaenta  the  contributiona  of  the  boundary 
nodet  of  the  inner  region.  With  known  vorticity  valuea  on  the  boundary  nodet,  (E)  can  be  explicitly  coaputed. 
In  the  pretent  work,  the  boundary  of  the  inner  region  conaiata  of  the  aolid  aurface  and  the  boundary  located 
within  the  outer  region.  (Recall  that  the  two  regiona  overlap).  Vorticity  valuea  at  boundary  nodet  that  are 
located  intide  the  outer  region  are  coaputed  aa  a part  of  the  finite-difference  procedure.  Vorticity  valuea 
at  the  aolid  aurface  are  determined  at  a part  of  the  kinematic  coaputation  aa  deacribed  in  Section  3.4. 

Since  the  aatrix  (c ) ia  tiae-j|pendent,  the  coefficient  matrix  of  the  ayatea  of  aiaultaneoua 
algebraic  equationa  for  the  unknown  u muat  be  inverted  at  each  tiaw  atep.  It  ahould  be  noted,  however, 
that  fairly  large  tiae  intervale  can  be  uaed  in  the  aolution  procedure. 

In  the  outer  region,  the  vorticity  tranaport  equation  ia  treated  uaing  a two-point  backward  tiae 
differencing  acheae,  with  aucceaaive  point  overrelaxation  method  uaed  to  tolve  the  reaulting  algebraic 
equationa . 

The  velocity  valuea  are  computed  by  a numerical  quadrature  of  Eq.  (9).  The  firat  integral  in  Eq.  (9) 
ia  expreaaed  aa  a aum  of  coaponent  integrala  over  individual  elementa.  (For  thia  purpoae,  each  rectangle 
bounded  by  grid  linea  in  the  outer  region  ia  treated  aa  a rectangular  element).  The  uae  of  interpolation 
functiona  then  leada  to  exact  analytical  expreaaiona  for  the  coaponent  integrala.  Theae  exact  expreaaiona 
have  been  derived  for  interpolation  functiona  of  all  degreea.  In  the  preaent  %K>rk,  linear  interpolation 
functiona  are  uaed  for  the  triangular  elementa  of  the  inner  region  of  the  grid  ayatem.  The  vorticity  in  the 
rectangular  eleaKnta  of  the  outer  region,  however,  are  repreaented  by  a concentrated  vortex  filament  placed 
at  the  centroid  of  the  element  and  ita  contribution  to  the  velocity  field  ia  coaputed  in  accordance  with  the 
Biot-Savart  law.  The  evaluation  of  the  aecond  integral  in  Eq.  (9)  ia  aimplified  by  conaidering  the  rotating 
coordinate  ayatea  and  the  nonrotating  coordinate  ayatem  to  coincide  with  one  another  at  the  tiae  t.  The 
aecond  integral  can  then  by  re-expreaaed  aa 


2j(t)x  ; 2 dR  (36) 

Rs  IV 'I 

The  integral  therefore  needa  to  be  evaluated  only  for  unit  angular  velocity  (1  ■ 1 aince  it  ia  directly 
proportional  to  0 . 

The  coaputation  of  the  preaaure  and  akin  friction  coefficienta  are  carried  out  in  the  manner  deacribed 
in  Section  (4). 

The  numerical  procedurea  uaed  in  thia  atudy  were  calibrated  by  treating  the  problem  of  a flow  paat  an 
impulaively  atarted  finite  flat  plate  at  a Reynolda  number  of  1000  and  at  aero  angle  of  attack.  The  reaulta 
obtained  are  in  excellent  agreement  with  earlier  reaulta  (Ref.  8)  obtained  uaing  finite-difference  methoda 
inatead  of  the  preaent  hybrid  method  in  treating  the  vorticity  tranaport  equation.  The  aolution  waa  carried 
to  a dimenaionleaa  time  level  of  2.4,  the  reference  tiae  level  being  the  plate  length  divided  by  the 
freeatreaa  velocity.  At  thia  tiae  level,  the  aolution  variea  very  alowly  with  tiaie  in  the  vicinity  of  the 
plate.  The  velocity  and  vorticity  profilea  at  aidplate  obtained  for  thia  large  tine  level  are,  aa  expected, 
in  excellent  agreement  with  the  Blaaiua  profile. 

Aa  an  additional  calibration,  the  flow  paat  an  impulaively  atarted  circular  cylinder  at  a Reynolda 
number  baaed  on  the  cylinder  diameter  of  40  waa  treated.  The  aolution  waa  carried  to  a diawnaionleat  tine 
level  of  20.4.  At  thia  tiae  level,  the  computed  drag  coefficient  variea  only  in  the  fourth  aignificant  digit 
between  aucceaaive  tine  levela,  the  tine  atep  being  0.125.  The  computed  atreaaline  and  conatant  vorticity 
contoura  are  ahown  in  Fig.  11,  in  the  upper  and  lower  halvea  of  the  figure  reapectively,  for  thia  large  tine 
level.  The  computed  preaaure  diatribution  around  the  cylinder  it  ahown  in  Figure  3,  compared  with  the 
reaulta  deacribed  in  Section  4 and  experimental  reaulta  (Ref.  28). 

The  caae  idiere  the  airfoil  ia  aet  into  tranalational  notion  iapulaively  at  an  angle  of  attack  of  3° 
and  a Reynolda  nuAer  of  1000  waa  atudied.  The  tranaient  aolution  after  the  onaet  of  the  notion  ia  carried  to 
a diawnaionleaa  tiae  level  of  2.07,  the  reference  tine  being  the  chord  length  divided  by  the  freeatreaa 
velocity.  The  atreaaline  pattern  at  a tiae  level  of  0.87  ia  ahown  in  Fig.  12.  The  adverae  preaaure  gradient 
on  the  upper  aurface  waa  not  aufficiently  atrong  to  cauae  flow  aeparation.  The  atreaaline  pattern,  however. 
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•how*  a thick  boundary  layer  region  on  the  upper  curface. 

The  load*  on  the  airfoil  are  very  high  inediately  after  the  iapuleive  atart.  They  dccreaae  rapidly 
at  eaall  tine  level*,  up  to  a dinenaionlea*  time  level  of  0.35.  Prior  to  thi*  time  level,  the  load*  are  due 
primarily  to  the  impuleive  atart  effect*.  Subaequent  to  thi*  time  level,  viacou*  effect*,  particularly  the 
thickening  of  the  boundary  layer,  reault*  in  further  change*  of  the  load*.  The  aurface  preaaure  decreaae* 
relative  to  the  trailing  edge  preaaure.  The  upper  aurface  preaaure,  however,  decreaae*  at  a more  rapid  rate 
ao  that  the  lift  coefficient  increaaea  with  time.  Figure  13  ahowa  the  variation  of  the  lift  coefficient  C, 
and  of  the  drag  coefficient  over  the  time  interval  form  0.3  to  2.07.  Both  the  lift  and  the  drag 
coefficient*  vary  relatively  alowly  at  the  time  level  2.07. 

A flow  peat  the  airfoil  oacillating  at  a moderate  reduced  frequency  of  0.3  and  a Reynold*  number  of 
1000  waa  Created.  The  airfoil  ia  aet  into  tranalational  laotion  impulaively  at  t ••  0.  The  angle  of  attack  a 
ia  given  by 

a - 3°  * 1°  Sin(0.6t)  (37) 

The  aolution  waa  carried  to  a non-dimenaional  time  level  of  10.4.  The  airfoil  undergoea  a complete 
cycle  of  oacillation  during  thia  period. 

The  main  feature  of  Che  load  hiatory  ia  Chat  the  lift  and  moment  agree  qualitatively  with  the  time- 
dependent  linearieed  potential  flow  aolution.  The  calculated  lift  variation  i*  in  phaae  with  the  potential 
flow  reault.  The  magnitude  of  the  lift  coefficient  ia  lower  than  the  lift  predicted  by  the  potential  flow 
analyaia.  Thia  ia  expected  aince  at  the  moderate  Reynold*  number  of  1000,  Che  boundary  layer  on  the  upper 
aurface  ia  thick  and  ita  diaplacemenc  thickneaa  reaulta  in  a aignificant  change  in  the  effective  ahape  of  the 
airfoil. 

The  viacou*  drag  ia  much  larger  than  the  preaaure  drag  for  Che  preaent  caae  of  low  angle  of  attack. 
Thia  viacou*  drag  ia  relatively  inaenaicive  Co  Che  pitching  motion  of  the  airfoil.  Numerical  reaulta 
indicate  a very  amall  aeparation  bubble  appearing  near  the  trailing  edge  on  the  upper  aurface  during  Che  down 
atroke  (not  at  maximum  angle  of  attack).  However,  the  aite  of  thia  bubble  ia  very  amall  and  Che  preaence  of 
the  bubble  doea  not  affect  the  integrated  load  aignificantly. 

The  aolution  obtained  at  Che  end  of  the  moderate-frequency  oacillation  cycle  was  used  as  the  initial 
aolution  for  a high  frequency  oscillation  computation.  The  flow  Reynolds  number  is  1000  and  Che  reduced 
frequency  is  3 for  this  case.  The  angle  of  attack  is  given  by 

a - 3°  + 1°  Sin(6t)  (38) 

The  computation  was  performed  for  more  than  two  cycles  of  oacillation.  The  transient  effect,  due  to 
the  initial  condition  used,  ia  preaent  during  the  first  cycle  but  became  very  small  during  Che  second  cycle. 
The  load  history  is  presented  in  Figures  14,  IS,  16  and  17. 
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SUMMARY 


To  extrapolate  from  subscale  wind  tunnel  tests  to  full  scale  flight  is  a well-recognised 
problem.  It  is  especially  critical  for  present  day  high  performance  aircraft  and  the  space 
shuttle  orbiter  which  operate  under  flight  conditions  where  separated  flow  effects  often 
dominate  the  vehicle  aerodynamics.  In  the  case  of  dynamic  tests  it  may  not  be  possible  to 
simulate  flight  conditions  at  subscale  Reynolds  number.  This  is  illustrated  by  example  from 
two-dimensional  dynamic  stall  tests  at  low  speeds  and  dynamic  tests  of  fully  three-dimensional 
configurations  at  transonic  speeds,  such  as  the  space  shuttle  orbiter.  It  is  shown  how 
analytical  means  can  be  developed  establishing  theoretical  relationships  between  dynamic  and 
static  aerodynamic  characteristics  and  how  such  means  make  it  possible  to  extrapolate 
analytically  from  subscale  tests  to  full  scale  flight.  The  role  of  future  high  Reynolds  number 
facilities  in  establishing  such  “analytic  extrapolation”  tools  is  discussed. 


1 . INTRODUCTION 

The  extrapolation  from  subscale  wind  tunnel  data  to  full  scale  flight  is  a well-recognized  problem.  It  becomes 
especially  serious  at  subsonic  speeds  when  stall  is  involved  and  at  high  subsonic  and  transonic  speeds  where  shock- 
boundary layer  interaction  can  dominate  the  aerodynamics  (Refs.  1-3).  In  the  case  of  dynamic  testing,  valid  subscale  i 

simulation  is  often  impossible.  For  example,  whereas  the  static  shock-boundary  layer  interaction  on  an  airfoil  can  in 
some  cases  be  simulated  at  subscale  Reynolds  numbers  by  a strategic  application  of  surface  roughness  (Ref.4),  the 
unsteady  aerodynamic  characteristics  cannot  be  simulated  in  this  manner.  The  reason  for  this  is  that  the  coupling  existing 
in  full  scale  flight  between  the  location  of  the  free  (unfixed)  boundary  layer  transition  and  the  airfoil  motion  has  been 
changed  drastically,  if  not  eliminated  completely.  Thus,  even  in  a simple  two-dimensional  flow  case,  dynamic  simulation 
of  shock -boundary  layer  interaction  at  subscale  Reynolds  numbers  is  all  but  impossible.  When  considering  the  complex 
three-dimensional  flow  existing  on  high  performance  aircraft  or  the  space  shuttle  orbiter,  the  problem  becomes  more 
difficult,  and  full  scale  Reynolds  number  simulation  is  often  necessary  for  both  dynamic  and  static  testing.  « 

2.  DISCUSSION 

! 

The  scaling  problem  will  be  illustrated  by  examples  from  two-dimensional  dynamic  stall  tests  at  subsonic  speeds 
and  dynamic  tests  of  fully  three-dimensional  configurations  at  transonic  speeds. 

2.1  Two-Dimensional  Flow 

Dynamic  stall  is  a phenomenon  that  still  is  not  well  understood.  As  a consequence,  heavy  reliance  has  to  be  placed 
on  experimental  data  which  as  a rule  are  obtained  in  dynamic  tests  where  the  full  scale  Reynolds  number  cannot  be 
simulated.  Philippe  has  presented  results  (Ref.5)  that  demonstrate  how  such  lack  of  Re-simulation  can  distort  the 
dynamic  results  (Fig.  I ).  The  leading  edge  modification  to  the  NACA-001 2 airfoil  is  of  the  type  investigated  by  Poisson-  j 

(Quinton  and  deSievers  (Ref.6),  which  reduces  the  adversity  of  the  pressure  gradient  near  the  leading  edge  thereby  causing 
a delay  of  stall  with  resultant  increase  of  (Fig.2).  I 

It  has  been  shown  (Ref.7)  how  the  dynamic  stall  characteristics  can  be  related  directly  to  the  static  stall  charac- 
teristics. provided  that  the  frequency  is  not  large  enough  to  introduce  significant  transient  effects  of  the  “spilled"  leading 
edge  vortex  (Ref. 8).  The  effect  of  the  leading  edge  modification  in  Figure  1 is  to  elevate  the  static  stall  and  deep-stall 

• The  paper  it  in  large  part  baaed  upon  results  obtained  in  work  sponsored  by  NASA,  Marshall  Space  Flight  Center,  under  Contracts 

NAS  8-28 1 30  and  NAS  8-30652.  , 
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levels  from  which  the  dynamic  perturbation  occurs,  thus  raising  the  whole  C/(a)-loop.  In  the  present  case  (Fig.3),  the 
“infinite  Reynolds  number  limit”  for  dynamic  C/  is  reached  already  for  the  unmodified  airfoil.  Thus,  only  the 
lower  loop  boundary  is  elevated,  resulting  in  the  observed  decrease  of  the  C/(o>loop  (Ref.7).  How  to  construct  the  com- 
plet  CifoHoop  is  discussed  in  Reference  7.  The  point  to  be  illustrated  here  is  that  even  larger  differences  in  static  charac- 
teristics are  caused  by  improper  Reynolds  number  simulation  (Ref. 9)  than  those  discussed  here  (compare  Figures  2 and  4). 
Attempts  to  simulate  dynamic  section  characteristics  in  two-dimensional  subscale  tests  are  impeded  further  by  severe  side- 
plate  or  side-wall  interference  effects  (References  8,  10  and  1 1). 

Figure  1 illustrates  the  scaling  difficulties  existing  in  incompressible  flow.  The  problem  is  complicated  greatly  when 
considering  the  effects  of  compressibility  which  are  always  significant  at  stall.  Even  if  the  free  stream  Mach  nun^r  is 
Moo  = 0.1 , the  maximum  Mach  number  on  the  stalling  airfoil  can  easily  exceed  the  “incompressible  limit”  Moo  - 0.4 
(Ref. 1 2).  This  is  true  even  for  the  NACA-0012  airfoil  with  its  relatively  large  nose  radius  of  1.58%  (Fig.5).  Thus,  there 
does  not  exist  any  incompressible  stall  data  (dynamic  or  static).  As  most  low  speed  wind  tunnels  cannot  change  the 
Reynolds  number  significantly  without  simultaneously  changing  the  free  stream  Mach  number,  stall  experiments 
(dynamic  and  static)  normally  show  Reynolds  number  effects  that  are  distorted  by  compressibility  effects.  The  results 
in  Figure  6 for  the  dynamic  overshoot  of  static  lift  maximum  in  airplane  pull-up  maneuvers  (Ref.  1 3)  illustrate  this.  It 
can  be  shown  (Ref.  1 2)  that  the  compressibility  effect  actually  dominates  over  the  Reynolds  number  effect  in  the  data 
shown  in  Figure  6.  Figure  7 illustrate*  how  such  compressibility  effects  can  influence  greatly  the  size  of  the  negative 
damping  loop  measured  in  dynamic  stall  tests  (References  8 and  14). 

When  the  subsonic  Mach  number  exceeds  Mo.  * 0.5 , the  stall  type  changes  from  the  shock-augmented  leading 
edge  stall  to  shock-augmented  trailing  edge  stall.  The  shock-induced  boundary  layer  separation  is  very  sensitive  to 
Reynolds  number  (see  Reference  1 5 and  Figure  8).  The  difficulty  in  trying  to  simulate  full  scale  Reynolds  number  by 
tripping  the  boundary  layer  is  well  known  (Reference  16  and  Figure  9).  The  trip  causes  the  boundary  layer  to  be  thicker 
than  in  the  case  of  free  transition,  thereby  causing  earlier  shock-induced  separation  with  associated  large  effects  on  the 
aerodynamic  characteristics.  Blackwell  (Ref .4)  has  shown  that  the  correct  shock  position  can  be  obtained  in  the  subscale 
wind  tunnel  test  if  the  boundary  layer  characteristics  at  the  trailing  edge  are  simulated  rather  than  the  transition  location. 
That  is,  the  transition  is  allowed  to  occur  downstream  of  the  full  scale  location.  One  problem  with  this  method  is  that  it 
is  limited  to  profile  shapes  that  do  not  get  the  transition  in  the  wind  tunnel  upstream  of  this  desired,  tripped  transition 
location. 

A severe  problem  in  dynamic  tests  is  the  lack  of  simulation  of  the  strong  coupling  existing  between  the  airfoil 
motion  and  the  transition  location,  as  is  illustrated  in  Figure  10  by  the  experimental  results  for  a 7.3%  thick  airfoil 
(Ref  17)  Using  a trip  wire,  the  measured  amplitude  and  phase  characteristics  as  a function  of  reduced  frequency  (w) 
were  in  reasonable  agreement  with  theoretical  predictions.  However,  when  the  transition  was  free,  large  anomalous 
deviation  from  the  expected  characteristics  were  observed.  With  the  oscillation  center  at  22.7%  chord,  the  attached  flow 
lift,  centered  at  25%  chord,  has  little  effect  on  the  pitching  moment.  This  is  the  reason  for  the  large  effects  observed  for 
free  transition  even  in  the  absence  of  shock-boundary  layer  interactions.  The  reduced  frequency  was  varied  by  changing 
the  tunnel  velocity,  keeping  the  oscillation  frequency  constant.  Thus,  the  velocity,  and  hence  the  Reynolds  number, 
increases  with  decreasing  reduced  frequency  (w) . As  a consequence,  transition  moves  foward  from  the  trailing  edge 
towards  the  leading  edge  with  decreasing  w . The  results  in  Figure  10  were  used  in  Reference  18  to  illustrate  the 
dynamic  phase  characteristics  of  trailing  edge  separation,  showing  that  the  phase  angle  and  amplitude  perturbations  could 
be  predicted  by  the  analytic  method  of  Reference  19. 

2.2  Three-Dimensional  Flow 

Figures  8,  9 and  10  demonstrate  that  it  is  practically  impossible  to  simulate  shock-boundary  layer  interaction  in  a 
dynamic  test  at  subscale  Reynolds  number  even  for  the  relatively  simple  case  of  two-dimensional  flow.  The  three- 
dimensional  flow  effects  that  occur  on  high  performance  aircraft  (Ref.20)  and  the  space  shuttle  orbiter  (Ref.2 1 ) involve 
multiple  shocks  that  severely  complicate  the  shock-boundary  layer  interaction  (Fig.  1 1). 

For  a swept  wing  the  spanwise  flow  generated  by  leading  edge  sweep  produces  another  mechanism  for  boundary- 
layer  transition,  which  further  complicates  the  problems  of  Re-simulation  (Ref.  22).  At  transonic  speeds,  the  wing  flow 
pattern  shown  in  Figure  12  results  (Ref.23).  On  the  inboard  wing,  transition  is  dominated  by  the  chordwise  flow  and 
occurs  well  aft  of  the  leading  edge  (in  unseparated  flow)  and  the  flow  separation  is  of  the  regular  two-dimensional  stall 
type.  However,  outboard  towards  the  wing  tip  the  transition  is  dominated  by  the  spanwise  flow  component  causing  it  to 
occur  near  the  leading  edge,  thereby  eliminating  leading  edge  stall  and  causing  separation  to  occur  well  downstream  of 
the  leading  edge  due  to  shock -boundary  layer  interaction.  This  mixed-separated  flow  pattern  cannot  presently  be 
simulated  at  subscale  Reynolds  numbers  even  in  a static  test.  In  a dynamic  test  with  rigid  or  elastic  wings,  the  streamwise 
location  of  the  change  in  stall  pattern  will  be  sensitive  to  the  wing  motion.  Dynamic  tests  at  subscale  Reynolds  number 
will  have  different  spanwise  separation  patterns  that  alter  the  motion  dependence  of  the  aerodynamic  loads,  thereby 
invalidating  the  simulation.  Especially  critical  is  the  inability  of  the  subscale  test  to  simulate  the  an^e  of  attack  at  which 
the  retarded,  shock -induced,  separation  on  the  outboard  wing  jumps  to  the  leading  edge  causing  a discontinuous  change 
of  the  outboard  wing  loading  with  associated  large  effects  on  wing  bending  and  rolling  moments  (Refs.  24-27). 

The  large  discontinuous  load  change  observed  on  a slab  wing  (Ref.28)  shown  in  Figure  13  is  the  result  of  sep^tion 
suddenly  jumping  to  the  leading  edge.  The  rigid  body  dynamic  data  in  Figure  14  for  the  space  shuttle  orbiter  (Rtf.29) 
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reveal  that  a siinilar  dramatic  change  in  flow  pattern  occurs  at  a 8°  . The  measured  large  increase  of  dynamic  stability 
and  corresponding  moderate  decrease  of  static  stability  are  typical  for  the  nonlinear,  possibly  discontinuous,  aerodynamic 
characteristics  associated  with  a sudden  increase  in  the  extent  of  flow  separation.  It  is  ^own  in  References  26,  27,  30-32 
how  the  dynamic  characteristics  of  the  space  shuttle  orbiter  can  be  predicted  using  static  experimental  data  in  a quasi- 
steady analysis  that  accounts  for  the  separated  flow  time  lag  effects.  Figure  1 5 illustrates  how  the  discontinuous  net 
negative  force  produces  a statically  destabilizing  and  hence  damping  effect  on  the  rigid  body  orbiter,  oscillating  in  pitch, 
all  in  agreement  with  the  results  shown  in  Figure  14.  The  effect  for  the  elastic  mode  sketched  in  Figure  IS  will  be  the 
opposite,  with  the  force  couple  providing  a statically  restoring  and  hence  undamping  moment.  The  flow  visualization 
pictures  in  Figure  16  show  that  the  First  torsional  mode  of  the  orbiter  wing  will  feel  the  full  dynamically  destabilizing 
effect  of  the  separation-induced  force  couple.  The  sudden  separation-change  will,  of  course,  also  affect  the  wing  bending 
and  rigid  body  rolling  moments.  Recent  experimental  results  for  the  coupling  between  lateral  and  longitudinal  degrees  of 
freedom  (Ref.33)  show  a sharp  peak  at  a = 17®  , d = ± 5°  , Moo  = 0.7  of  the  roll-due-to-pitch-rate  cross-coupling  deriva- 
tive (Fig.  17).  This  angle  of  attack  agrees  well  with  that  at  which  one  would  expect  the  sudden  separation  change  to  take 
place  for  the  wing  with  its  40°-S°  swept  upwind  leading  edge.  For  the  TACT-FI 1 1 aircraft,  the  sudden  flow  change  was 
observed  for  « = 1 2* , (J  = 0 , Moo  = 0.9 , A = 35®  (References  24  and  25).  One  would  expect  the  critical  angle  of 
attack  to  increase  with  decreasing  subsonic  Mach  number. 


3.  GROUND  TESTING 

The  foregoing  illustrates  that  sudden  stall  is  a flow  phenomena  shared  by  high  performance  aircraft  and  the  shuttle 
orbiter.  Furthermore,  it  will  affect  both  the  rigid  body  dynamics  and  the  aeroelastic  stability.  Thus,  valid  prediction  of 
the  sudden  stall  effects  for  full  scale  flight  simulation  is  vital. 

The  obvious  solution  to  these  scaling  problems  is  to  supply  ground  testing  facilities  with  the  capability  of  simulating 
full  scale  Reynolds  number.  One  existing  tunnel  with  some  such  capability  is  the  two-dimensional  NAE  high  speed  wind 
tunnel  (Ref.34).  A tunnel  with  more  complete  simulation  capability  will  be  the  N(ational)  T(ransonic)  F(acility)  planned 
to  become  operational  in  the  early  eighties  (Ref.35).  And  others  will  undoubtedly  become  available  later  on.  However, 
they  will  all  be  in  too  much  demand  to  be  able  to  accommodate  all  the  development  testing.  The  facilities  will  have  to  be 
used  in  a more  sophisticated  manner.  They  can  be  used  most  effectively  by  developing  a basic  understanding  of  the 
effects  of  Reynolds  number,  especially  in  regard  to  flow  separation  with  its  dramatic  effects  on  vehicle  dynamics  and 
aeroelastic  stability.  The  goal  should  be  to  provide  the  vehicle  designer  with  the  information  needed  to  determine  when 
theory  and/or  tests  at  subscale  Reynolds  numbers  will  suffice  and  when  he  needs  the  full  scale  Reynolds  number  simula- 
tion that  very  few  facilities  will  be  able  to  furnish,  and  in  many  cases  probably  only  in  regard  to  static  aerodynamics. 

With  the  present  state-of-the-art,  it  does  not  appear  that  dynamic  simulation  at  full  scale  Reynolds  number  will  always  be 
possible,  especially  in  the  case  of  the  fully  elastic  vehicle  (Ref.36).  What  is  needed,  then,  is  means  by  which  the  unsteady 
aerodynamics  can  be  determined  using  static  experimental  data.  Examples  of  such  analytic  means  have  already  been 
given  (Refs.  7,  8,  1 1,  12,  18,  19,  26,  27,  30-32).  In  addition,  it  is  shown  in  Reference  37  how  Lamboume’s  experimental 
results  for  unsteady  shock-boundary  layer  interactions  (Ref.38)  can  be  predicted  using  static  experimental  data. 

“Analytic  extrapolation  tools”  are  not  only  needed  to  account  for  Reynolds  number  effects,  but  they  will  also  allow 
the  vehicle  designer  to  account  for  effects  of  post  test  design  changes  on  rigid  and  elastic  vehicle  dynamics.  For  example, 
the  analytic  method  developed  in  Reference  39  made  it  possible  to  account  for  the  changes  in  vehicle  trajectory  and  in 
configurational  and  structural  design  that  had  been  made  after  the  completion  of  the  dynamic  tests  of  the  elastic  Apollo- 
Satum  vehicle  (Ref. 40).  As  the  analytic  method  could  predict  the  dynamic  test  results  for  the  “obsolete”  configuration, 
it  could  be  used  with  confidence  to  “extrapolate  analytically”  and  predict  the  elastic  vehicle  dynamics  for  the  current 
flight  vehicle  design  (References  39  and  41).  It  is  shown  in  Reference  27  that  rigid  body  dynamic  experimental  data  can 
be  used  to  check  important  aspects  of  the  “analytic  extrapolation  tool”  before  it  is  applied  to  an  elastic  vehicle.  As  it 
appears  that  dynamic  tests  of  rigid  bodies  will  be  possible  in  NTF  and  similar  facilities  (References  3 and  42),  the  effect 
of  Reynolds  number  could  be  included  in  the  “analytic  extrapolation”  of  elastic  vehicle  dynamics  by  methods  similar  to 
those  discussed  in  Reference  27. 

An  area  of  present  concern  is  the  pitch-yaw-roll  coupling  existing  for  modem  military  aircraft  and  the  space  shuttle. 
There  is  a need  for  both  subscale  dynamic  testing  capability  (Ref.43)  and  “analytic  extrapolation  tools”  (Ref.44). 
Whereas  progress  is  being  made  in  regard  to  multi-degree-of-freedom  dynamic  testing  (Refs.  33,  45  -48),  the  development 
of  analytic  means  of  extrapolation  to  full  scale  from  data  obtained  at  subscale  Reynolds  numbers  largely  remains  to  be 
accomplished  (References  44  and  49). 


4.  CONCLUSIONS  AND  RECOMMENDATIONS 

A review  of  scaling  problems  in  dynamic  tests  of  aircraft-like  configurations  has  revealed  the  following; 

o It  is  impossible  to  simulate  full  scale  unsteady  aerodynamics  in  dynamic  tests  at  subscale  Reynolds  numbers  when 
flow  separation  is  involved. 

o It  may  often  not  be  possible  to  simulate  full  scale  elastic  vehicle  dynamics  in  dynamic  tests  on  subscale  models 
performed  at  full  scale  Reynolds  numben  due  to  model  loads  and  instrumentation  problems. 


T 
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o It  is  recommended  that  the  large  Reynolds  number  facilities  be  used  to  improve  our  basic  understanding  of 
Reynolds  number  scaling  of  static  aerodynamics  and  aid  in  the  development  of  analytic  means  for  prediction  of 
full  scale  unsteady  aerodynamic  characteristics  using  subscale  static  experimental  data,  together  with  selective 
rigid  body  dynamic  data  for  full  scale  Reynolds  numbers  whenever  possible. 
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SUMMARY 

Numerical  predictions  are  made  for  the  viscous  flow-field  near  an  airfoil  in  an  unsteady  airstream 
of  infinite  extent.  Using  an  extension  of  techniques  familiar  to  ideal-fluid  aerodynamic  analyses,  the 
body  is  represented  by  bound -vortex  singuUrities.  These  coexist  with  the  free  vorticity.  which  forms 
the  boundary  layer  and  wake.  Application  of  the  no-slip  condition  at  the  airfoil  surface  plus  the  law  of 
conservaUon  of  total  vorticity.  allows  the  production  of  free  vorticity  at  the  airfoil  surface  to  be  mod- 
eled. The  velocity  field  is  calculated  using  the  law  of  Induced  velocities.  Results  are  presented  for  a 
symmetrical  Joukowski  airfoil  of  9 ^ thickness.  The  airfoil  is  held  fixed,  and  initially  the  fluid  is  at 
rest.  At  some  instant,  the  fluid  is  set  into  motion.  Two  cases  are  treated; 

(A)  the  impulsive  gust,  and 

(B)  the  periodic  gust. 

In  the  former,  the  onset  flow  angle,  o.  is  fixed.  In  the  latter,  a changes  peridodically  with  time.  For 
Case  (A),  the  Reynolds  number  is  103.  and  calculations  are  performed  for  n = 5®.  10®.  15®.  For 
Case  (B) . the  Reynolds  number  is  10“* . and  a varies  periodically  between  0®  and  5®.  with  a reduced 
frequency  of  2 . In  addition  to  results  which  illustrate  the  flow  uehavlor.  curves  showing  the  variation  of 
the  force  coefficients  with  time  are  presented.  Comparisons  are  also  made  with  existing  Navier-Stokes 
solutions  for  Case  (A) . with  a = 15®  and  Re  = lO^ . The  agreement  Is  excellent. 


NOMENCLATURE 


Symbols 

A 

A 

A 


h 

L 

A 

P 

R 

r 

Re 


constant  appearing  in  complimentary  solution  for  y 

O 

area  of  non-zero  free  vorticity  in  boundary  layer  and  wake . m 

drag  coefficient  in  onset  flow  direction.  Drag  Force  j j p U^  L 

lift  coefficient  normal  to  onset  flow  direction.  Lift  Force  / j p U^  L . C,  „ is  lift 
coefficient  from  pressure  distribution  only  ^ ‘ 

moment  coefficient  in  clockwise  direction  about  the  midchord.  Moment  j ipuV 

pressure  coefficient.  (P  - P_)  I \r  p\? 

XB  f 2 

dimensionless  scale  factor  in  body -oriented  coordinates.  ^ t)  /R 
chord  length  of  airfoil,  m 

1 2 

dimensionless  static  pressure  (relative  to  j pU  ) 

dimensionless  local  radius  of  curvature  of  airfoil  surface  (relative  to  L) 
dimensionless  linear  distance  between  two  points  (relative  to  L) 

Reynolds  number,  UL/i/ 
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t 

U 

u 

V 

z 

y 

a 

y 

V 
6 

V 

S 

P 

♦ 

u 


dimensionless  time  (relative  to  L./U) 
speed  of  undisturbed  onset  now,  m/sec 
dimensionless  velocity  in  5 -direction  (relative  to  U) 
dimensionless  velocity  in  r)  -direction  (relative  to  IT) 

dimensionless  cartesian  coordinate  measured  along  chord  from  the  midpoint  (relative 
to  L).  X(2  Is  fraction  of  the  chord  measured  from  the  leading  edge 

dimensionless  cartesian  coordinate  measured  normal  to  chord  from  the  midpoint 
(relative  to  L) 

angle  of  onset  flow  relative  to  chord,  degrees  or  radiams 

dimensionless  bound  vorticity  on  airfoil  surface  (relative  to  U) 

dimensionless  body-oriented  coordinate  normal  to  airfoil  surface  (relative  to  L) 

local  slope  angle  of  airfoil  surface  relative  to  chord,  radians 
2 , 

kinematic  viscosity,  m /sec 

dimensionless  body -oriented  coordinate  along  airfoil  contour  (relative  to  L) 

3 

fluid  density,  kg/m 

polar  angle  measured  from  x-axis,  radians 

dimensionless  free  vorticity  in  boundary  layer  and  wake  (relative  to  U/L) 


Subscript 

CL  value  along  centerline  downstream  of  trailing  edge 

TE  value  at  trailing  edge  or  in  its  Immediate  vicinity 


1.  INTRODUCTION 

Modern  high-speed  digital  computers  have  made  it  possible  to  study  many  complicated  aerodynamic 
flows  which  are  not  readily  amenable  to  experimental  investigation.  Indeed,  numerical  solutions  to  the 
unsteady  two-dimensional  Navler-Stokes  equations  are  now  being  performed  almost  routinely  for  real- 
istic aerodynamic  shapes.  Although  presently  restricted  to  low  to  moderate  Reynolds  numbers  (~  10®) , 
the  computed  results  have  nevertheless  revealed  important  physical  aspects  of  the  flow  development. 
The  work  of  MEHTA  and  LA  VAN  [1]  and  LUGT  and  CKIRING  (2]  are  excellent  examples  of  what  has  been 
achieved  to  date. 

With  few  exceptions,  the  popular  two-dimensional  prediction  methods  are  based  on  the  vorticity- 
stream  (unction  formulation.  However,  other  promising  techniques  have  recently  been  developed  which 
are  well  suited  to  aerodynamic  analyses.  These  are  of  a broad  class  which  also  treat  the  vorticity  as 
the  fundamental  transport  variable  of  the  flow,  but  the  stream  function  is  eliminated  in  favor  of  a direct 
integral  determination  of  the  velocity  field,  LIGHTHILL  [3]  apparently  first  discussed  the  foundations 
for  this  approach  nearly  15  years  ago.  Nevertheless,  it  has  only  been  in  the  last  several  years  that  nu- 
merical formulations  have  been  developed  and  put  to  practice.  Specific  details  can  be  found  in  the  works 
of  WU  and  THOMPSON  [4],  KINNEY  and  PAOLINO  [5],  SCHMALL  and  KINNEY  [61,  and  WU  (V}.  Recent 
applications  to  two-dimensional  unsteady  flows  past  airfoils  have  been  made  by  KINNEY  and  CIELAK  [8], 
CIELAK  (9),  and  WU  and  SAMPATH  [10].  Three-dimensional  flows  have  also  been  treated  by  BRATA- 
NOW  and  EGER  [Hi. 
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In  the  present  paper,  the  method  of  (8,9J  is  used  to  predict  the  unsteady  viscous  flow  past  an  air- 
foil. The  airfoil  is  assumed  to  be  held  fixed,  and  initially,  the  surrounding  fluid  is  at  rest.  At  some 
instant  in  time,  the  fluid  is  abruptly  set  into  motion.  Two  cases  are  considered  as  follows: 

- The  Impulsive  Wind  Gust.  The  speed  of  the  onset  flow  U and  the  flow  direction  relative  to 
the  airfoil  chord  are  constant. 

- The  Periodic  Wind  Gust.  The  speed  of  the  onset  flow  U is  held  constant,  but  the  onset  flow 
direction  is  a periodic  function  of  time. 

In  both  cases,  the  fluid  is  taken  to  be  incompressible  and  the  development  of  the  unsteady  flow  field  and 
the  resulting  forces  on  the  airfoil  are  predicted. 

The  first  case  is  the  one  most  frequently  treated  in  the  literature  [1,  8,  9, 10].  The  second  case  is 
novel,  and  no  prior  studies  using  airfoil  geometries  have  yet  been  reported. 

The  airfoil  is  taken  to  be  a 9$  thick  symmetrical  Joukowski  profile.  This  is  a profile  shape  which 
has  been  used  in  previous  numerical  investigations  (1,  lOJ.  For  the  impulsive  gust,  a Reynolds  number 
of  103  (based  on  the  chord  length)  is  specified,  and  results  are  presented  for  the  flow  angle  a equal  tc 
5°,  10°,  and  15° . This  case  for  Re  = 103  and  a * 15°  was  also  studied  in  [1, 10],  thus  allowing  a di- 
rect comparison  of  the  present  and  earlier  results  to  be  made. 

For  the  periodic  wind  gust,  a Reynolds  number  of  10^  is  chosen.  The  flow  angle  varies  periodi- 
cally between  0°  and  5° , with  a reduced  frequency  of  2 . This  is  so  defined  that  a goes  through  two 
complete  cycles  during  the  time  a fluid  particle  with  constant  speed  U moves  one  chord-length. 


2.  ANALYSIS 

The  details  of  the  theoretical  and  computational  approach  have  already  been  given  in  [8.  9],  Only 
the  fundamental  ideas  and  important  governing  eqxiations  will  be  summarized  here. 


Vortlcity  Kinematics 

The  outline  of  the  body  shape  is  represented  by  bound-vortex  singularities.  For  the  symmetrical 
profile,  a total  of  80  vortex  stagulariUes  are  used,  40  each  being  on  the  upper  and  lower  surfaces  of 
the  airfoil.  In  addition,  the  external  flow  field  near  the  body  is  covered  by  a system  of  fluid  cells,  with 
node  points  positioned  approximately  at  the  center  of  each,  A scale  drawing  showing  the  distribution  of 
fluid  cells  and  vortex  singularities  (surface -points)  in  the  region  near  the  leading  and  trailing  edges  is 
shown  in  the  right-hand  portion  of  Fig,  1.  To  be  noted  is  the  close  spacing  of  the  bound-vortex  points 
near  the  leading  and  trailing  edges.  However,  the  spacing  need  not  be  so  close  over  the  entire  airfoil. 
Over  the  central  portion,  vortex  points  on  the  surface  are  arranged  directly  below  the  node  points  cor- 
responding to  the  fluid  cells  in  contact  with  the  airfoil.  A total  of  40  fluid  cells  are  in  contact  with  the 
airfoil  surface. 

An  expression  for  the  velocity  at  any  point  P in  the  fluid  may  now  be  written  down  directly  using 
the  Biot-Savart  law  of  induced  velocity.  Let  d^u^  and  dUy  denote  the  perturbation  velocity  components 
due  to  the  free  and  bound  vorticities,  u and  y , respectively.  These  are  shown  in  the  upper  left-hand 
portion  of  Fig.  1,  for  u and  y with  counter-clockwise  sense  of  rotation  (considered  positive). 

A body  fitted  coordinate  system  (S  , t)  ) is  used,  as  shown  in  Fig.  1.  Using  kinematic  principles 
only,  the  velocity  at  P in  the  positive  f -direction  can  be  written  as  follows: 


u(P)  = cos  (o  - Sp)  + 


(1) 


where  all  velocity  components  are  non-dlmensionalized  using  the  speed  of  the  onset  flow  U . Thus  the 
term  cos  (a- 6 p)  represents  the  velocity  contribution  due  to  the  undisturbed  onset  flow,  which  ap- 
proaches the  airfoil  with  the  angle  a.  as  measured  from  the  chord.  As  illustrated  In  Fig.  1.  the  second 
and  third  terms  of  (1)  contribute  a negative  perturbation  to  the  actual  velocity,  u(P)  . For  our  con- 
vention, we  have 


d^u  (P) 
w 


1 r^p  • yQ>  ®®“®p  - <*p  - *q)  1 

i7  1 2 1 («hdC«Jf))^j 

'■pQ 


(2) 


du  (P) 

y 


1 r (yp  - ys>  ^^'Sp  - (*p  - '^•p  i . 

2»  I 2 J 

*‘ps 


(3) 
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where  all  length,  velocity,  and  vorticity  quantities  are  non-dimensionalized  using  U and  L . To  be  noted 
is  the  fact  the  integration  of  (2)  and  (3)  need  be  carried  out  only  over  the  airfoil  surface  and  the  region  of 
non-zero  u . 

The  point  P can  be  any  point  in  the  fluid.  However,  it  is  convenient  to  let  P be  at  the  center  of 
the  control  faces  (of  each  fluid  cell)  which  lie  along  a line  of  C = constant . In  this  manner,  the  velocity 
u(P)  can  be  computed  at  the  precise  point  at  which  it  is  needed  in  the  numerical  solution  of  the  vorticity 
transport  equation.  This  point  will  be  recalled  in  the  section  dealing  with  the  vorticity  dynamics. 

The  vorticity  fields,  y and  u,  have  yet  to  be  determined.  They  must,  of  couse,  satisfy  con- 
straining equations.  The  determination  of  u is  discussed  in  a later  section.  The  determination  of  y 
can  be  made  using  techniques  common  to  ideal-fluid  aerodynamic  analyses. 


Integral  Equation  for  the  Bound  Vorticity 


Following  the  classical  approach,  (1)  is  now  written  for  any  point  P just  interior  to  the  airfoil  sur- 
face. Since  (1)  represents  the  velocity  relative  to  the  stationary  airfoil,  the  velocity  at  this  interior 
point  must  be  zero.  Taking  into  account  the  discontinuity  in  the  tangential  velocity  component  (i.  e.  in  the 
5 -direction)  across  the  airfoil  surface,  this  being  equal  to  - y , one  obtains  the  following  integral  equa- 
tion for  y 


y(P) 


■ifl 


(yt 


yg)  cos0p  - 


(y  dC)g  = - 2 [cos  (o  - Op) 


uJP)J 


PQ 


(4) 


where  P must  be  considered  to  be  constrained  to  the  airfoil  surface. 


The  derivation  of  (4)  was  first  made  for  potential  flows  by  PRAGER  [12].  Except  for  nomenclature, 
his  result  differs  from  (4)  only  in  the  absence  of  the  induced  contribution  of  the  viscous  layer  (i.  e.  due 
to  u)  to  the  tangential  velocity  at  the  airfoil  surface.  This  is  given  by  Uy(P)  and  appears  only  as  a con- 
tribution to  the  non -homogeneous  term  on  the  right-hand  side. 


The  solution  properties  of  (4)  are  well  known.  They  have  been  studied  by  MARTENSEN  (13)  and  ex- 
ploited in  numerous  studies  of  potential  flows  past  airfoils  (see  for  example  [14]).  The  presence  in  this 
analysis  of  Uy(P)  in  (4)  does  not  alter  any  of  the  solution  properties  previously  documented. 


It  is  known  that  the  solution  to  (4)  is  composed  of  a particular  solution  to  the  complete  equation  and 
a complimentary  solution  to  the  homogeneous  equation.  Thus  one  can  write 

A 


y(^)  = 


Vrt<^) 


(5) 


(4')^  + 


In  the  foregoing,  A is  a constant,  and  ^ is  the  polar  angle  shown  in  Fig.  1.  The  term  containing  A is 
the  complimentary  solution. 


In  (5),  y3(xg)  is  the  equation  for  the  outline  of  the  airfoil.  By  definition 

" dT  ” • 

We  also  have 

tan  9 


Xg(4)  = .5  COS  9 


(6) 


and 

ig(+)  = - .5  sin4> 

Thus  the  compUmentary  solution  can  be  written  2 A / [sin4>  (1  + tan^9)^/^  ) . The  algebraic  sign  is  imma- 
terial, since  A has  yet  to  be  determined. 


The  particular  solution  of  (4)  can  be  obtained  using  standard  numerical  techniques.  This  is  usually 
necessary,  since  u„(P)  is  known  only  at  discrete  points.  Details  can  be  found  in  [9]. 

Note  that  since  the  complimentary  solution  contains  the  term  (sln^)"^  , the  complete  solution  can 
become  singular  at  4 * 0 ^ud  4 ■ x.  This  singular  behavior  is  no  surprise,  since  it  also  arises  in  the 
classical  aerodynamic  theories.  It  is  well  known  that  the  solution  for  y is  integrable  over  the  entire 
profile.  Thus  the  singularity  offers  no  particular  difficulties. 

The  solution  for  y is.  in  principle,  known  from  (5).  It  remains  only  to  evaluate  A . In  the  classi- 
cal theories,  this  is  done  by  involking  some  dynamical  principle,  such  as  the  Kutta-Joukowski  condition. 
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or  its  generaUzatlon  for  unsteady  flows  (see  SEARS  [15]).  Since  this  involves  the  dynamics  of  the  vis- 
cous boundary  layer  and  wake,  further  discussion  of  this  point  is  delayed  until  the  end  of  the  next  sec- 
tion. 


Vorticity  Dynamics 


The  distribution  of 
port  equation 


u in  the  viscous  boundary  layer  and  wake  is  governed  by  the  following  trans- 


9u 

3t 


(6) 


In  the  body -fitted  coordinates  (C.rj),  the  quantity  h is  a scale  factor  given  by  h=  l+t)/R,  where  R 
is  the  local  radius  of  curvature  of  the  surface.  On  the  airfoil  surface,  h = 1 . 


Eq.  (6)  expresses  the  conservation  of  vorticity  at  a point  in  the  fluid.  In  the  actual  calculations,  (6) 
is  rewritten  in  finite -difference  form.  This  is  achieved  by  performing  a vorticity  balance  on  each  indi- 
vidual fluid  cell.  A typical  cell  is  shown  in  the  right-hand  porUon  of  Pig.  1.  where  the  arrows  depict  the 
fluxes  of  vorticity  (by  diffusion  and  convection)  across  the  control  faces. 


As  noted  earlier,  the  velocity  components  in  the  f -direction  are  evaluated  at  each  face  of  the  con- 
trol volumes,  using  a direct  application  of  (1).  The  velocity  components  in  the  -direction  are  obtained 
from  the  continuity  equation.  This  procedure  casures  that  the  mass  is  conserved  at  each  fluid  cell. 

In  evaluating  (1),  the  expressions  in  (2)  and  (3)  must  be  integrated  numerically.  The  free  vorticity 
u is  assumed  to  be  constant  over  a given  fluid  cell,  and  the  integration  of  (2)  is  carried  out  analytically 
for  each  of  N fluid  cells.  Likewise,  y is  held  constant  over  a surface -segment,  and  (3)  is  integrated 
analytically  for  each  of  P surface -segments.  After  the  results  are  summed  and  the  velocity  compo- 
nents at  each  of  M points  are  computed,  the  results  cm  be  summarized  as  follows: 
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The  matrices  [a]  and  (b]  contain  only  geometrical  influence  coefficients,  which  do  not  change 
during  the  calculation  cycle.  These  coefficients  were  computed  once  for  a given  Reynolds  number  and 
grid  arrangement  (see  later  section),  and  then  stored  on  magnetic  tape.  They  were  then  read  into  the 
computer  whenever  necessary.  This  is  very  efficient  and  led  to  fast  execution  times.  A similar  proce- 
dure was  used  in  [10]. 


In  modeling  the  convective  transport  of  free  vorticity,  the  velocity  components  were  assumed  to 
carry  the  vorticity  corresponding  to  the  node  point  of  the  upwind  cell.  The  diffusion  of  vorticity  between 
cells  was  calculated  using  a linear  reUtionship  involving  the  vorticity  difference  between  node  points. 
This  is  according  to  standard  practice. 

The  advancement  in  time  of  the  solution  for  u was  obtained  using  the  explicit  method.  That  is,  the 
transport  terms  were  all  evaluated  at  time  level  t,  and  the  time  derivative  in  (6)  was  approximated  by 
[u(t  + At)  - u(t)l  / At  at  each  fluid  cell. 


Modeling  of  the  Vorticity  Production  at  the  Airfoil  Surface 

in  solving  (6)  numerically,  it  is  important  that  the  surface  conditions  for  the  vorticity  be  carefully 
prescribed  at  the  airfoil.  In  this  work,  the  process  of  vorticity  production  was  modeled  using  the  con- 
cept originally  given  by  LIGHTHILL  [3],  Additional  discussion  is  given  in  [8], 

Suppose  that  the  distribution  for  y is  known  from  (4)  at  some  time-level  t,  taking  account  of  the 
free  vorticity  that  is  already  in  the  fluid.  This  bound  vorticity  y is  in  the  form  of  a sheet  of  infinitesi- 
mal thickness,  and  it  represents  locally  the  amount  of  free  vorticity  which  must  enter  the  fluid  by  dif- 
fusion in  the  subsequent  time -interval  At.  Thus  the  bound  vorticity  at  time  t must  show  up  as  free 
vorticity  at  time  t + At.  This  idea  is  expressed  by  the  following  boundary  condition: 

t + At 

t 

which  is  also  vaUd  at  the  initial  Instant  of  time  t = 0+.  The  incremental  amount  of  free  vorticity  which 
enters  a finite-volume  fluid  cell  in  contact  with  the  airfoil  is  obtained  from  (8)  by  integrating  the  distri- 
bution for  y over  the  incremental  surface  element  of  the  cell. 
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Althou^  not  expUciUy  mentioned  by  LIGHTHILL.  [3].  the  vorticlty  production  must  be  determined 
in  such  a way  that  the  total  vorticity  is  conserved.  For  streaming  flow  past  the  airfoil  {i.e.  without  ro- 
tation), the  total  free  vorticlty  entering  the  fluid  in  a time  interval  At  must  be  zero.  That  is,  the  inte- 
gral of  (8)  around  the  airfoil  surface  must  be  zero.  As  shown  below,  this  is  the  essential  condition  which 
must  be  used  in  order  to  make  the  solution  for  y unique.  It  is  the  counterpart  of  the  Kutta-Joukowskl 
condition  used  in  the  classical  theories. 

Recall  from  (5)  that  A is  a constant  which  was  left  unspecified.  It  can  now  be  evaluated  using  the 
principle  of  conservation  of  total  vorticity.  As  previously  mentioned,  one  must  have 


ydC  = 0 


From  this  plus  (5),  one  obtains 


On  the  airfoil  surface. 


S = 


S s dS/d^)  e df/d^i 


Thus  the  term  in  (10)  which  multiplies  A is  simply  2ir.  Solving  for  A from  (10)  and  substituting  into 
(4),  one  obtains 


h f Vrt'^f 

+ ys(4)^ 


- 


The  above  solution  for  y , when  used  with  the  boundary  condition  (8),  ensures  that  the  production  of 
free  vorticity  is  modeled  correctly.  As  a consequence,  the  single -valuedness  of  the  pressure  field  is 
guarenteed.  This  follows  from  the  dynamical  equations  of  motion,  which  when  written  for  the  airfoil  sur- 
face, reduce  to 


/3P\  _ 2.  f \ 

Vaf  /g  ' ■ Re  '817 'g 


If  it  is  assumed  that  the  rate  of  vorticity  production  is  uniform  over  the  time  interval  At , tlien  one  ob- 
tains from  (8)  - (1/Re)  (8u/8T7)g  ’ 7 /At.  Thus 


and  from  (9), 


(—)  -2^ 

Vas  At 


frdl-o  . 


Finite -Difference  Parameters 

The  fluid  is  covered  by  a maximum  number  of  2000  control  volumes.  These  need  be  so  arranged  so 
as  to  cover  only  the  viscous  layers  in  the  vicinity  of  the  airfoil  and  extending  into  the  wake. 

The  cells  adjacent  to  the  airfoil  surface  have  the  smallest  lateral  dimension  Ai7g , and  these  expand 
in  height  away  from  the  surface  (in  the  ij  -direction)  according  to  the  ratio  1. 15  . The  cell  widths  are  also 
smallest  near  the  leading  and  trailing  edges  (see  Fig.  1),  and  downstream  of  the  trailing  edge  these  ex- 
pand gradually  up  to  a maximum  dimension  of  .25  (fraction  of  a chord).  They  are  then  fixed  at  that  value. 

In  order  to  accurately  model  the  vorticlty  production  at  the  airfoil,  the  finite  time  and  distance  in- 
crements must  be  properly  scaled.  According  to  a one -dimensional  diffusion  model,  the  diffusion  dis- 
tance Ano  vorticity  produced  at  a uniform  rate  over  the  time -interval  At  obeys  the  following  re- 
lationship 


-2^  S 1.5  . (15) 

In  this  work,  the  time  increment  At  and  Reynolds  number  Re  were  specified,  and  Ai).  was  calculated 
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from  (15).  A summary  of  the  grid  characteristics  is  given  in  Table  1. 


Table  1;  Summary  of  Grid  Characteristics 


Case 

Re 

At 

AtJq 

An 

'max 

^max 

Impulsive  Gust 

Periodic  Gust 

eo  ^ 
o o 

.005 

.0025 

. 00660 

.00148 

.0710 

.0211 

.5005 

.1566 

In  each  case,  the  grid  extended  to  a distance  of  4.8  chord-lengths  behind  the  trailing  edge. 

For  the  case  with  the  larger  Reynolds  number,  the  time  increment  was  halved.  This  became  neces- 
sary since  the  initially  large  convective  velocity  around  the  trailing  edge,  in  combination  with  the  smal- 
ler cell  height  AtJo  • 1°  unstable  solutions  of  (6),  when  the  explicit  method  was  used  with  At  < . 005  . 

With  the  smaller  time  increment  of  At  * . 0025  , the  solution  was  always  stable. 

The  computations  were  carried  out  in  double  precision  (8  bytes  - 64  bits)  on  an  IBM  370-158  ma- 
chine. For  Re  « 10^,  the  full  2000  fluid  cells  were  used,  and  the  dimensions  in  (7)  were  M * 2040, 
N * 2000,  and  P • 80.  The  computation  time  for  a complete  time-cycle  was  3.23  minutes.  Typically, 
over  90  of  the  computation  time  was  consumed  in  the  velocity  evaluation  alone.  For  Re  • 10^  , only 
1800  fluid  cells  were  used,  in  which  case  M ° 1836,  N ‘ 1800,  and  P > 80  in  (7).  The  computation 
time  per  time-cycle  was  2.75  minutes.  The  central  core  memory  for  Re  ° 10^  was  576  kilobytes.  For 
Re  • 10^,  the  core  memory  was  512  kilobytes.  All  numbers  are  expressed  in  base  10. 


! 3.  RESULTS  AND  DISCUSSION 

' 3 

i Impulsive  Gust,  Re  » 10 

i 

t o 

Calculations  were  first  performed  for  a = 15  . This  is  the  case  previously  studied  by  MEHTA  and 

I-  LA  VAN  [1]  and  WU  and  SAM  PATH  [10].  In  the  latter,  a comparison  was  made  between  the  results  ob- 

tained by  the  two  methods.  Identical  airfoil  geometries  and  grid  arrangements  were  used,  but  a different 
vortlcity -stream  function  formulation  was  adopted.  The  agreement  was  quite  satisfactory. 

Typical  computed  results  for  the  pressure  coefficient  are  shown  in  Fig.  2.  To  obtain  Cp,  the  pres- 
. sure  gradient  was  first  calculated  at  the  80  surface  points  using  (13).  Starting  at  the  trailing  edge,  tliis 

I was  then  integrated  around  the  airfoil  using  the  trapezoidal  rule.  The  actual  computed  points  are  shown, 

; and  comparisons  with  the  results  of  MEHTA  and  LA  VAN  [1]  are  made  at  two  representative  time  levels. 

f Note  that  the  time  values  given  in  [1]  must  be  divided  by  3.  713  in  order  to  obtain  those  used  in  the  pre- 

I sent  work.  The  agreement  is  judged  to  be  entirely  satisfactory.  Indeed,  at  t = . 436  , the  two  distribu- 

I tions  for  the  pressure  coefficient  on  the  lower  surface  are  nearly  identical.  On  the  suction  (upper)  sur- 

I face,  there  is  only  a slight  discrepancy  near  the  leading  edge. 

There  is  also  satisfactory  overall  agreement  between  the  lift,  drag,  and  moment  coefficients,  the 
discrepancy  being  on  the  order  of  10  . However,  there  is  some  question  as  to  the  proper  behavior  of 

the  lift  and  drag  coefficients  for  small  time. 

j In  [IJ,  it  is  foimd  that  and  Cp  are  initially  very  high  and  then  fall  monotonically  but  rapidly 

toward  plateau  values.  The  lift  coefficient  reaches  a minimum  value  of  approximately  1.  0 before  rising 
slightly,  as  shown  in  Fig.  2.  The  results  calculated  in  the  present  work  have  a somewhat  different  be- 
havior for  small  time.  These  are  summarized  in  Table  2.  Results  for  two  other  angles  of  attack  are 
also  given. 

Table  2:  Temporal  Variation  of  Force  Coefficients 


Re  = 10® 


a * 

5° 

o • 10° 

a « 

15° 

t 

^L 

S 

^L 

^D 

^L 

<=D 

0^ 

27.68 

27.  97 

54.51 

35.  16 

79.69 

46.  90 

.005 

-.99 

.78 

-1.95 

.52 

-2.84 

.10 

.010 

-.14 

.61 

- .26 

.55 

- .31 

.47 

.015 

.21 

.59 

.43 

.62 

.69 

.69 

.020 

. 30 

.55 

.62 

.61 

.99 

.73 

.025 

. 32 

.52 

.67 

.58 

1.05 

.71 

k k 


In  all  Instances,  the  lift  and  drag  coefficients  are  Initially  very  high,  but  then  fall  immediately  to 
low  values  (Cj__  even  goes  negative)  and  then  rise  to  a sharp  peak  at  t * .025.  This  behavior,  although 
not  at  first  expected,  is  in  close  qualitative  agreement  with  that  found  experimentally  by  TANEDA  [16] 
for  elliptic  cylinders  started  impulsively  from  rest. 

The  initially  high  peak  in  is  due  to  the  impulsive  acceleration,  but  this  must  disappear,  since 
immediately  after  the  impulsive  start,  the  flow  about  the  airfoil  is  nearly  irrotational.  The  slight  nega- 
tive values  (in  comparison  with  the  high  initial  value)  are  probably  due  to  the  finite  thickness  of  the 
boundary  layer  and  the  corresponding  departure  of  the  flow  from  irrotationality.  TANEDA' a measure- 
ments also  show  a slightly  negative  lift  after  the  Initial  peak.  The  measured  lift  force  then  increases 
rapidly,  in  accordance  with  the  computed  results  of  Table  2. 

Curves  showing  the  temporal  variation  of  the  lift  coefficients  for  selectively  smaller  angles  of  at- 
tack {a  - 5°  and  10°)  are  shown  in  the  left-hand  portion  of  Fig.  3.  The  previous  results  are  shown  for 
comparison.  The  behavior  of  the  flow  downstream  of  the  trailing  edge  is  illustrated  in  the  right-hand 
portion.  The  individual  computed  points  are  shown  for  clarity. 

Immediately  after  the  impulsive  accelerat  .on,  the  transverse  velocity  v on  the  centerline  just 
downstream  of  the  trailing  edge  is  relatively  high.  As  time  increases,  the  effect  of  the  fluid  viscosity 
amd  the  developing  starting  vortex  reduces  this  velocity  sharply.  Beyond  t * . 70 , the  transverse  velo- 
city is  nearly  zero  immediately  behlng  the  trailing  edge,  signalling  the  fact  that  the  fluid  is  momentarily 
leaving  smoothly  from  the  trailing  edge.  Nevertheless,  with  increasing  time,  and  especially  at  hi^ 
angles  of  attack,  the  flow  is  expected  to  eventually  separate  from  the  airfoil.  A region  of  flow  reversal 
does  indeed  exist  at  t = 1.  0 downstream  of  the  point  of  maximum  thickness,  for  the  airfoil  at  o * 15°. 
This  is  in  agreement  with  the  results  obtained  in  [1],  although  the  time  at  which  separation  occurs  is 
somewhat  different.  For  a ° 10°,  no  separation  is  observed  up  to  t = 1.0;  the  calculations  were  not 
carried  further.  The  case  0=5°  was  calculated  to  t = 5.  0 , at  which  time  the  flow  appeared  to  be  at 
steady  state.  No  separation  occurs,  and  after  reaching  a peak  value  of  = . 385  at  t = 1.8  , the  lift 
coefficient  drops  to  an  asymptotic  value  of  C^,  * . 343 . The  asymptotic  drag  and  moment  coefficients 
are  Cd=.139  and  Cjyj  = .073. 


Periodic  Gust,  Re  = 10^ 

Results  for  the  periodic  gust  are  summarized  in  Figs.  4 and  5.  The  onset  flow  approaches  the  air- 
foil with  constant  speed  U and  variable  angle  a.  The  latter  is  a periodic  cosine  function,  which  varies 
between  0°  and  5° , as  shown  by  the  dashed  curve  in  Fig.  4.  The  frequency  of  oscillation  is  very  high, 
corresponding  to  a reduced  frequency  of  2 (reduced  circular  frequency  of  4ir),  based  on  the  speed  U and 
chord  L . 

The  gust  case  was  chosen  in  order  to  demonstrate  that  unsteady  flows  of  a rather  general  nature 
can  be  modeled  for  realistic  Reynolds  numbers.  Other  than  the  overall  lateral  schrinkage  of  the  grid 
(see  Table  1),  accompanied  by  approximately  a 10  56  increase  in  the  number  of  grid  points,  no  changes 
in  the  numerical  formulation  were  made. 

The  temporal  variation  of  the  force  coefficients  is  depicted  in  Fig.  4,  where  the  individual  computed 
points  are  shown.  The  behavior  of  the  lift  coefficient,  in  particular  the  large  negative  values,  was  com- 
pletely unexpected.  The  values  for  Cl  appear  to  be  very  nearly  proportional  to  the  rate  of  change  (i.  e. 
slope)  of  a,  rather  than  to  o Itself.  The  peak  Ln  Cl  leads  that  in  o by  r/2  . Although  not  readily 
discernible,  each  peak  in  the  CL-curve  is  slightly  higher  than  the  previous  one.  This  is  due  to  the  fact 
that  the  effective  angle  of  attack  is  2.5°.  However  this  sU^t  rise  is  insignificant  compared  to  the  large 
negative  swings. 

The  moment  coefficient  (computed  about  the  center-chord  point)  appears  to  lead  the  a -variation  by 
an  angle  of  approximately  ir/4.  The  appearance  of  a small  negative  (nose  down)  moment  over  part  of  the 
cycle  is  of  Interest  from  an  aircraft  stability  point  of  view. 

The  behavior  of  the  flow  downstream  of  the  trailing  edge  is  illustrated  in  Fig.  5.  Although  the  angle 
of  attack  never  goes  negative,  there  is  nevertheless  backflow  around  the  trailing  edge  from  top  to  bottom. 
This  can  be  seen  from  the  instantaneous  velocity  profiles  shown  in  the  main  portion  of  the  figure.  Addi- 
tional profiles  are  shown  for  the  times  when  a is  at  its  maximum  and  minimum  values. 

The  periodic  behavior  of  the  transverse  velocity  component  immediately  downstream  of  the  trailing 
edge,  V , is  shown  in  the  lower  portion  of  Fig.  5.  Clearly  this  is  nearly  in  phase  with  the  o-variation, 
and  the  negative  undershoot  is  regular.  The  interrelationship  between  the  velocity  variations  and  those 
of  the  force  coefficients  is  obviously  quite  complicated.  This  is  to  be  expected,  since  the  full  non-linear 
effects  of  the  body  thickness  plus  boundary  layer  and  wake  development  come  into  play. 

Before  concluding  this  section,  some  remarks  are  in  order  concerning  the  nature  of  the  periodic 
gust  used  in  this  investigation.  It  was  assumed  that  the  entire  fluid  domain  approaches  the  airfoil  as  an 
ensemble  with  instantaneous  flow  angle  0.  The  instantaneous  dimensionless  x-  and  y-velocity  compo- 


i 

nenta  are  thua  coao  and  alno.  reapectively.  The  onaet  flow  haa  no  rotation.  Such  a time -varying 
outer  flow  may  not  actually  be  found  in  aerodynamic  applicationa.  Nevertheleaa.  thia  guat  caae  ia  be- 
lieved to  approximate  what  occura  in  a field  of  clear-air  or  wake -generated  turbulence,  whoae  length 
acale  ia  very  much  greater  than  the  chord  of  the  airfoil. 


4.  CONCLUDING  REMARKS 

The  preaent  reaulta  clearly  demonstrate  that  unsteady  aerodynamic  analyses,  based  on  solutions  to 
the  two-dimenaional  Navier-Stokes  equations,  are  entirely  feasible.  The  effects  of  airfoil  thickness, 
wake  development,  flow  separation,  and  outer-flow  unsteadiness  can  all  be  accounted  for.  Realistic 
Reynolds  numbers  of  the  order  10^  cam  also  be  treated. 

Unfortunately,  such  numerical  calculations  are  not  at  a stage  where  they  are  presently  suitable  for 
design  studies.  Rather,  they  are  but  atnother  research  tool  with  which  fundamental  information  about 
complicated  flows  can  be  obtained. 

Nevertheless,  the  time  is  near  when  the  accuracy  and  reliability  of  such  flow  predictions  can  be 
established  through  actual  comparisons  with  experimental  measurements.  To  date,  it  has  only  been  pos- 
sible to  compare  the  results  of  one  numerical  analysis  with  those  of  another.  However,  once  the  nume- 
rical approaches  are  validated,  they  may  then  play  an  important  role  in  validating  the  more  practical, 
but  also  more  approximate,  first  order  theories  used  in  design  calculations.  Thus  fully  numerical  ap- 
proaches, of  the  type  described  in  the  present  paper,  should  continue  to  be  developed  and  improved. 
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Fig.  1 Coordinate  system  and  node  arrangement  in  the  fluid  near  the 
leading  and  trailing  edges 
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Fig.  2 Comparison  of  computed  pressure  distributions  and  force  coefficients 
for  the  impulsive  gust.  Re  ■ 1000 
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Fig.  3 Temporal  variation  of  the  lift  coefficients  and  transverse  velocity  component 
downstream  of  the  trailing  edge.  Impulsive  gust  for  Re  • 1000 
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LES  OIFFICULTES  RENCONTREES  PAR  LES  AEROELASTICIENS 
DANS  LE  DOMAINE  DE  L'AERODYNAMIQUE  INSTATIONNAIRE 

par  Holland  DAT  at  Jean-Jaoquet  ANGEUINI 

Office  Nationel  d'Btudet  af  da  Recherctm  Ainupetielm  (ONERA) 
92320  ChttiHon  (France) 


a^rodlaatlolaPB  oat  baaoia  da  odthodaa  da  da  foroaa  adrodjnaaolqiiaa 

laatatioBaalraa  aot^laa  at  Tapidaa*  la  fonailation  olaaalqaa,  )k  portir  da  la  thdoria 
llndalxa  da  la  auifaoa  portanta  aat  prdaaatda  ooMa  auapla  da  adthoda  aatiifaiaaata 
par  aa  aoiq>laaaa.  Sa  pr^sioa  aat  illuotrda  par  qoalqoaa  appUoatloiia  (jol  na  a'd- 
oartoat  paa  trop  da  aoo  doaaixia  da  Talldltd*.  Les  probl^mes  d'^oulement  supercritique 
on  da  ddooUaMotat  qul  aortaat  da  oa  doiina  da  vallditd,  aoat  tBilhoriraiiff  ont  laa 
plua  laportanta  da  point  da  roa  du  nottaaant.  Daa  rdaultata  aipdrinaotaaz  aoat  prd- 
aantda  pour  iUoatrar  laa  phdnooteaa  propraa  d oaa  dooulooanta.  I«a  approchaa  adop- 
tdao  pour  ddraloppar  da  nocnrallaa  odthodaa  aoat  indlqudaa  d la  fin*  ^aa  roat  daa 
ndtbodaa  rigourauaaa  da  rdaolntioa  daa  dquationa  d'Bular  joaqa'k  I’dlaboratioo  da 
Qozraotiaaa  oa  da  noddlaa  phdnoodloglquaa* 


DimCULTIKS  ENCODinmED  BT  ABBOBUSTICLiHS 
OF  OKSOSdOT  imOSIHalCCS 


Tha  aaroalaatlolana  bare  a real  naad  of  flaxlbla  and  faat  nathoda  for  oaleuln- 
tinc  unataadj  aarodjrnanio  foroaa*  Tha  claaaloal  fonailatlon  baaed  oa  the  linear 
lifting  aorfboa  tbaory  la  preaantad  aa  aa  axaiqple  of  a aathod  aatlfaotoiy  aa  ra^rda 
ita  doaoin  of  ralldit)r.  Tha  probleoa  of  st^areritioal  flov  and  soparatiaa,  vhlofa 
ara  oaoh  outalda  that  doaoin,  ora  onfortosataly  the  aoat  algnlfloant  aa  fbr  aa 
fluttar  la  ooaoomod*  Savoial  a^parlaaitcG.  rasulta  are  praaantad  to  ahow  the  pbano- 
aeaa  partionlar  to  thaaa  flowa.  Tha  approachaa  oaad  to  daralpp  new  nathoda  ara 
■boon  at  tha  and*  They  aztand  froa  strict  rasolatlons  of  tba  Gularlon  aquatloos  to 
tha  deralppoent  of  oorraotlons  or  phanonenologloal  aodals* 


iwiaonaoiVM 

L'adrodjrnaalqoa  Inatatlamolra  ooostltna  on 
aspact  fondaaantal  da  I'adrodlastloitd*  Poor  prd- 
▼olr  laa  Tlbratioas  adrodlastiqnas  d'una  strootora, 
aa  affat,  11  that  ttra  ea  naaora  da  prdroir  las 
foroas  adrodynanlqaaa  lastatloonairas  eagandrdea 
par  las  ncurenanta  da  Tibiation*  II  faut  an  oatra 
qaa  las  ndthodas  da  oolool  atilisdaa  aolant  soffi- 
aaaant  soiq>las  at  inpldas  pour  panettra  da  tral- 
tar  da  oabbrooz  oaa  d'dooaleneat  at  das  nodas  da 
rlbimtion  prdsantant  ana  grande  dlvaraltd  da  dE- 
fomdas  at  rdportls  dons  ana  largo  banda  da  frd- 
quaooo* 

l<as  ndtbodas  lindalras  utilladas  joaqa'h  aain- 
tanont  pour  prdwolr  la  flottment  das  avions  prd- 
sontant  oa  oaiaotbia  da  souplaaaa  at  laor  prdolslaa 
aat  aatiafalaonto  dans  baaneoop  d'applioationa  ; 
oapandant,  dtont  fonddaa  sur  I’bjpotbkso  das  patitos 
parturbatlcoa,  oUoa  caasent  d'ttra  ralablas  dba 
qua  I'daoulenoat  aat  fortenent  partuxbd,  o'aat-d- 
dlra  dans  da  nonbrsaz  oos  Intdrasnat  laa  adrodlaa- 
tloiana*  Caoz-el,  aa  affat,  dolTant  soaraot  prdrolr 
daa  Tihratloaa  proaoqadaa  oa  Infloaondae  par  daa 
affats  non  iladid.rsa  da  ooaoha  llnita,  da  giaada 
Inaldaaoa  on  da  oanprasalblUtd*  Las  ndthodaa  aoc- 
pdrlaaotaloa  dtant,  dons  la  pli^art  daa  oaa,  Inoa- 
pnklaa  da  foumlr  I'anaaiftla  das  doondos  odrodyno- 
mquaa  ndnaaaalTaa  k vm  oalool  d'adrodlnstioltd, 

11  fbut  doon  dlaborar  da  nouwaani  ontila  thdorlquaa 
poor  pooTolr  tioltar  oaa  probldnaa* 


sonploasa  roquiso*  Lae  dohaos  das  adtbodas  aotnsUas 
na  aattont  paa  toojoora  an  oausa  la  prineipo  do  la 
lindoriaation  nols  dolrant  sourant  dtra  attribodas 
au  fait  qoa  I'faypothdsa  das  patitos  portuibations 
oat  appliqudo  h la  fols  aa  adrodynanlqua  ina- 

tationnolra,  ooosdoatif  aoz  Tibratlona,  at  au 
ohaqp  stationnalra*  Sans  baaucoup  da  oaa,  oatta 
bypothbso  n'ast  pas  ralabla  pour  la  ebaq>  atatiota- 
aolra  qul  aat  fortenent  partiLrbd  l par  eontra,  oo 
paut  prasqua  toujoura  adnattra  I'borpotbdsa  das 
patlts  nourenants  at  an  ddduira  qua  la  ins- 
tatlonnaira  oonadoutlf  aux  Tibratlona  aat  una  patlta 
partorbatlon  llndoriaabla*  la  fomulatlon  llndaiin 
qul  ddooula  do  cotta  bypothhsa  aat  Taloblo  pour 
I'dtuda  das  Inatabllltda  adrodlnstiquas  dans  la 
nanira  oh  I'on  a'lntdrasaa  k I’anortlsaanaat  das 
Tibratlona  do  folblo  o^lltudo  sens  chorobar  k prd- 
Toir  I'a^Utuda  das  oyelaa  linltaa  drantuals  dent 
I'eziateooe  a'Mpliqua  par  la  oaraetkro  non  llndalro 
das  foroas  adrodynonlquas  ou  do  la  stiuotura*  Slla 
s'^pUqna  dmlenent  k I'dtnds  da  la  rdponao  k la 
tuibuladana  tant  qua  la  Torlatlon  d'ongla  d'attoqua 
lida  k la  Tltaaaa  do  tuibulanoa  rasta  falbla* 


Cat  axpoad  gdndral,  dastlnd  k nontrar  aus 
adrodyaanlolons  ooMot  la  problkna  da  I'adrodjM- 
niqna  Instatioaaalra  aa  pooa  ouz  adrodlaatloi«a, 
oonporta  trols  porUaa*  U prenikra  portla  nontia 
da  quaUa  faqan  laa  ndthodaa  Undalros  soot  asplol- 
tdaa  an  adrodlaaUeitd  i dona  la  ■‘rirUna  porUa  on 
as  propeaa  d'lUastiar  laa  poaalblUtda  at  laa  in- 
aaffleaaoaa  daa  ndthodaa  oetuallaa  par  qualquaa 


Laa  adrodlaotielana  raotant  trks  attnohda  aus 
ndthodaa  llndalraa  qul,  aonlaa,  paarant  aroir  la 
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r^sultdts  th^riquas  et  exp^rimentauz  | anfln  dans 
la  trolsltes  partle  on  dvoque  quolquas  approohas 
adoptdas  pour  essayer  da  trouvar  da  nouvallas  me- 
thodas  pratlquas  at  affioooes* 


1 - C(X]?U(S  D'UHE  STEUCTDBS  SOUPLB  AVEC  UN  FLUII8 

BN  BCOULBffiNT 

On  pent,  an  gfodral,  aasimilar  las  Tibmtlons 
adroilastlquas  d'una  struotura  & das  petits  douv»- 
■oits  qui  s'affeotuant  autour  d'una  csrtalne  con- 
figuration Boyenna  appall 

Cad  ast  Justifi^  soit  pares  qua  I’on  s'lntdrasss 
I das  vibrations  forodas  dont  l'aiiq>lltuda  ast  af- 
feotivsBent  falbla,  soit  pares  qua  I'on  veut  dtudlar 
las  riquas  d'instabilitd  an  admattant  qu'una  struct 
tura  ast  Instabla  dbs  qua  I'anortlssanant  das  vi- 
brations, ausai  patitss  soient-allss,  davlant  niga- 
tlf. 

Considdrant  qua  oas  ddplaosawnts  sent  das  in— 
finiasnt  patits  du  prenlar  ordrs,  on  pout  adoattra 
qua  las  forcas  Intamss  da  structure  at  las  forces 
adrodynamlquas  coiiq>rennant  una  partla  stationnaira, 
da  grandeur  finia,  et  una  partis  Instatlonnalre  in- 
finiment  petite  du  preniar  ordra*  Ainsi,  I'dooule- 
Bant  autour  de  la  structure  an  mouvsoant  est  la 
sivaiposltion  da  I'dcoulesieot  stationnaira  autour 
de  la  structure  de  rdfdrenca  et  d'un  dcoulamant 
instatlonnalre  provoqud  par  las  petits  mouvements 
de  la  struotura,  par  las  fluctuations  de  vltesse  de 
turbulanoa,  at  dvantuallsBsnt,  par  das  instabilltia 
da  couche  llalta  ou  d'onda  de  choc  (buffeting),  L'd- 
ooulsDSOt  stationnaira  autour  de  la  structure  da 
r^fdranoe  paut  ttre  dtudi4  s^parSment  ; par  contra, 
I'dcculsDant  instatlonnaira  ddpend  de  I'dcouleoant 
stationziaire,  A BOins  qua  la  perturbation  apportda 
au  fluids  par  la  struotura  da  rdfdrenoe  na  soit 
alla-BlDa  suffissBBent  petite  pour  pouvolr  Stre  as- 
simllde  A un  infiniasnt  petit  du  premier  ordre, 

Cette  hypotbAsa  sur  1' ordre  de  grandeur  das 
dAplaosBaots  et  das  forces  permet  de  llndariser  la 
problAea  du  couplage  flulde-struoture,  II  faut  lul 
ajoutar  una  autre  approximation  qiii  conslste  A 
schdaatlser  la  structure  continue  par  un  aystAae 
diacrat  dont  la  rdponse  ast  exprimde  an  fonctlon 
d'un  noobra  finl  da  ooordonndes  gAndrellsdes  qui 
na  ddpsndant  qua  du  temps, 

b'applioation  du  thdorAme  des  travauz  virtuels 
donna  las  Aquations  de  Imgranga  qui  rAgissent  la 
oomportaBent  dynaolqua  de  la  structure,  Ce  sont  das 
Aquations  llnAaires  par  rapport  auz  coordonnees  gA- 
nAralisAas,  dont  la  rAsolutioo  na  prAsente  pas  de 
difflcultA  lorsqu'on  an  oonnalt  tous  las  coefficients. 
Par  contra,  I'Avaluatlon  des  forces  aArodynamlques 
gAnArallsAas,  qui  Interviennent  dans  ces  Aquations, 
raste  un  problAae  trAs  difficile,  C'est  A ca  pr», 
blAaa  qua  nous  allons  nous  intAresser  lei, 

l«s  petits  BOuveBsnts  da  vibration  de  la  struc- 
ture sent  dAfinis  si  I'on  oonnalt,  A ebaque  Instant, 
la  oba^)  da  vactaur  r(P,t)  reprAsentant  la  dA- 
flexiOD  des  points  P,  o'est-A-dira  Isur  Acart  par 
rapport  A la  position  qu'lls  occupant  dans  la  struo- 
ture  da  rAfAranoa,  Pour  sa  moonar  A I'Atuda  d'un 
systAaa  diacrat,  il  soffit  da  se  donnsr  un  certain 
noabra  da  chumps  da  vectaurs  oinAnatlqusDent  admis- 
sibles  1^  (P)  at  da  poser  s 

(1)  r(P.t)  = Z r^(p)  q(i) 

II*  I 'll 

Les  fonctions  du  tenps  ou  coordonn6cs  generalisees, 
» sont  1«8  incooBoas  du  probl^M* 

li«  d«gr4  d*approziaBtlon  rdallsd  arao  la  for- 
■ula  (l ) ddpand  du  ohoix  das  chao^a  da  vaotaur 
fj;  (?)  at  da  laur  noabra  n*  Iiaa  adrodlaatldaDa 
utlliaaat  an  fdndzal  la  raprdaantatlon  aodalap 
c*aat4Ml1ra  quUla  prannant  eo^aa  ractaura  da  baaa 


lj(P)  lea  chumps  de  vectaurs  qui  d^finissent  las 
deformdaa  des  modes  propres  de  vibration  de  la 
structure  supposde  isoldet  dans  le  vide*  Cecl  re- 
vient  h oonsiddrer  la  structure  comme  un  ensemble 
de  syst^es  vibrants  h un  degrd  de  liberty* 
grande  sdleetivltd  en  frequence  de  ces  syst^tnas 
permet  d*dtudier  le  cosq^iortement  de  la  structure 
couplde  avec  le  fluide  par  bandee  de  fr^quanca^  avac 
un  nombre  d'inconnuesi  ou  de  degrds  de  libertdy  n, 
relativement  faible*  Dans  l'6tude  du  flottenent 
d'un  avlona  par  exeo^let  noobra  de  dagr4s  da 
liberty  h Introduira  dans  un  m^e  oftlgul  d^paaea 
rarenant  10  k 12  ) beaucoup  da  flotteoenta  olas- 
siquas  pauvant  mime  Otre  pr^vus  avao  dauz  dagr^s 
de  liberty  et  certalnes  instabilitdsf  qui  seront 
dvoqudes  plus  loln^  obeissent  k un  m^oanisme  parti— 
culler  qui  ne  fait  intervenir,  pratlquaoient,  qu'un 
seul  degrd  de  liberty* 

Les  foroea  a^rodynamiquea  g^dralls^s  sont 
d^duites  de  1' expression  des  travaux  virtuels  des 
forces  de  pression.  le  force  g^n^ralis^e  Cp^agissant 
sur  la  coordonn4e  ^dQdrulisde  a est  donn^e  par 
1* integrals  de  surface  t 

(2)  = -fV*^^(pin(P)  ccp,t;d5 

avec,  ^ 

(P,t)  » pression  exercAe  par  le  fluids  au  point 
P de  la  surface  extArieure  de  la  struc- 
ture, 

•t(P)  = veoteur  normal  extArieur  unltalre  au 
point  P. 

S = domaine  d' integration  comprenant  touts  la 
surface  extArieure  soumlse  A la  pression 
du  fluide  en  mouvement, 

AS  = AlAmsnt  de  surface  assoclA  au  point  P, 

Pour  simplifier  la  prAsentatlon,  nous  allons 
conaidArer  les  forces  sArodynamiquss  provoquAes 
par  le  mouvement  de  la  structure  (forces  couplAes 
avec  la  structure)  et  nAgligor  les  forces  dues  A la 
turbulence  ou  A des  instabilitAs  Aventuelles  de 
I'Acoulement,  Pans  ce  cas,  le  champ  aArodynamique 
instatlonnalre  dApemd  linAairement  du  mouvement  de 
la  structure,  tea  relations  linAaires  entre  forces 
gAnAralisAes  et  ooordonnAes  gAnAralisAes  s'exprlment 
fadlement  si  I'on  passe  du  domaine  teoq)orel  au 
domains  frAquentiel  en  effeotuant  la  transformAe 
de  Pourier,  l>es  AlAments  de  cette  transformAe 
peuvent  s’obtenlr  en  considAnuit  des  mouvements 
harmoniquss  dAfinis  par  : 

r(p,t)  o 

oil  les  nombres  complexes  (ou  affixes)  dAtermi- 
nent  le  module  des  fonctions  harmonlques  <^.  et 
leur  phase  par  rapport  A une  rAfArenoe  de  posse 
donnAe,  La  notation  ()^(,,,),  qui  slgnifle  partle 
rAelle  de  (,,,)>  resteia  sous-entendue  coDme  c'est 
1 'usage. 

Pour  ce  mouvement,  le  coefficient  de  pression 
C(P»t)  prend  la  forms  : 

C{P,t)=  C(P)  ♦ 1 

ou  C,  (P)  est  la  coefficient  de  pression  de  I'Acoi^ 
lament  stationnaire  autour  de  la  structure  de  rA- 
fArence, 

AprAs  substitution  dans  (2),  il  vient  t 

(5)  Get):  Q f f A,,(i«)Q  6*“*^ 

k ' k»  tti  1‘t 

arco 

(4)  A^j(«)  n(  P) ( P. «o)d S 


1 

i 
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1«  aatrics  est  la  fonotion  ds  tmnafert 

■atrioiell*  reliant  las  forces  airodynamiques  gd- 
ndialisdes  aux  ooordonsdes  gdndralisdes* 

CAP,a.<i>)  eat  I'affixe  du  ooefflolaot  d« 
pression  otr  la  structure  pour  nne  vibration  hamo- 
nique  de  pulsation  u areo  la  ddforode  ^ (P)  s 
1 'argument  da  determine  la  pbasa  de  la  pression 

par  rapport  k ce  mouTemaDt* 

le  natrice  de  rdsoudre  las  pro- 

blbmes  de  stabllite  a^rodlastique  at  elle  intarvlent 
daiu9  I’dtuda  da  la  rdponsa  forc^  ^ la  turbulenoe> 


Hals  la  formula  (4)  doit  ttra  ca^>14t4o  lora- 
qu'il  y a una  code  choc  dont  la  position  est  af- 
fectde  par  les  petits  aouTeosnts  da  la  structure* 
L'onde  de  choc  farma  alors  una  frontikra  aobila 
<ntre  deux  dooaines  oIj  la  pression  est  diffdrente. 
On  tiendra  cooqpta  de  ca  nouraoent  en  decoaposant  la 
domaine  d'intdgration  de  I’intdgrale  (4)> 


Solt  par  exaeqiile  une  aile  d'avion  an  dcoulaosnt 
stationnalre  anparorltique,  arse  une  onde  de  choc 
sur  I'extrados*  L'intdgration  en  corde  de  I'intdgrala 
(4)  sur  I'axtrados,  s'ier^t  : 


- [J  ^nCcU  *■ Jj^nCd^] 


• c ^ ^ 

®t  5 sont  lea  abscisses,  respectivement,  du 
bora  d'attaque»  du  bord  de  fuite  et  du  pied  de 
l'onde  de  choc* 


Coome  prdeddaBDontf  considdrons  un  mouveomt 
heraonique  ddfini  par  r(P|t)  = ^ 
et  admettons  toujours  que  le  coefficient  de  pression 
et  le  ddplaceaent  du  choc  dependent  lindairement  des 
petite  Bouvements  de  la  stracture  (nous  verrons  que 
oette  hypotbbee  n'est  paa  toujours  va^able  en  ce 
qui  concerne  le  deplaceoient  du  choc)*  On  a : 

yt  ; , .1 

C(^,t).-  ♦X  Cu«)5 

et  I'abscisse  de  l'onde  de  choc  se  met  sous  une 
forme  analogue  : 

® f=*  ' -‘f 

Cas  deux  expressions  dolvent  lire  substitueea 
dans  I'intdgrale  en  corde  qui  est  ensulta  ddvslop- 
p4e  Jusqu'au  premier  ordre  en  conslddrant  que  les 
^ sont  des  Infiniments  petits  du  1er  ordre.  On 
dvalui  4galeoant  I'intdgrale  m corde  mi  sur  I'ln- 
trados,  puis  on  procids  it  1* integration  en  enrer- 
gure  at  I'on  ratrmive  la  forma  llndalra  (3)  avee 
A iiut)  donnd  par  : 


(5)  Jj em%(p)Cf(p)^^  * - 

u -t  * 

C (p^utf)  eat  I'affixe  du  coefficient  da  preesion 


indult  par  la  aouveoant  harmonlque 
i(3-^)c8t  I'affixe  du  ddplaceiBant  du  choc  -pwa  le 
ntiw  mmiveBant  { 

^<^(j^ast  la  saut  da  pression  stationnalre  & tra- 
vars  la  choc  ; 

« eat  la  ooordonn4a  an  envargura  at  [.L,  ij 
la  domaine  d'integration  en  enrargura* 

I<a  asut  da  pression  AC,  eat  oonslderd  oonaa 
una  grandeur  finla  { e'aat  una  oaraoteristiqua  im- 
portanta  da  l'4eoulenant  atationnalra  | J,  d4pand 
k la  fois  da  I'ecouleoant  stationnalre  at  tu  la  d4- 
fom4a  da  Tibiatlon  ^ (P)* 

Infin  I'affixe  da  la  pression  inatationiialra» 
C(tpAM)  depend  da  I'dooulmMnt  statlonaaira* 
Calut>«i  aglt  notsMant  an  modlflaat  la  propagation 
das  oodaa  aooustiquaa  giises  par  la  atrueture  an 
vibixation*  Cat  affat  paut  Hrs  lopnrtantt  mltas  an 


I'abaance  d'onde  da  choc,  nais  11  se  manifeste  sur- 
tout  an  dcoulement  aiqterorltiqua  lorsque  les  pertur- 
bationa  qui  se  propagant  d'aval  an  aaont  dolvent 
contoumsr  la  zone  siqpersoniqua* 

Dans  les  oalculs  d'a4ro41a8tlcit4,  la  natrice 
AgjCiw)  viant  s'ajouter  k I'iiqtedanca  matricielle 
de  la  etructura  at  detarmijie  1' evolution  das  modes 
propras  da  la  struotura  ooupiea  svee  I'ecoulaoant, 
o'est>4i-dira,  en  partloulier,  I'evolution  da  sas 
frequences  propras  et  da  sas  anortissamonts.  In 
difficulte  prlnolpale  reaids  dans  la  detarminstion 
de  Cette  matrice.  La  linearisation  des  relations 
entre  forces  generalisSes  et  coordonn^es  gSnerali- 
sees,  qui  a permls  de  1 ' introduire,  est  une  appro- 
ximation justifiee  par  I’hypothSse  des  petit  mou- 
vements.  Mais  celle-ci  ne  suffit  pas  toujours  a 
justifier  la  linearisation  des  equations  du  flui- 
ds en  ecculenent  : la  linearite  peut  etre  inise  en 
defaut  localement,  par  exanple  au  voisinage  d'une 
onde  de  choc  en  mouvement.  Dans  ce  cas,  il  faut 
resoudre  les  equations  non  lineaires  de  I'ecoule- 
ment  sans  chercher  k tirer  parti  de  I’hypothSse 
des  petits  mouvements.  Cela  n'empeche  evidemment 
pas  de  calculer  la  matrice  si  elle  a un  sens, 

e'est-a-dire  si  I'hypothese  de  linearite  est  une 
approximation  acceptable  pour  les  forces  generali- 
sees. 

L'experlsDOs  en  aoufflerls  montrs  qu'alle  I'est 
dans  la  najoritk  des  cas,  memo  en  prdsence  de  ddcol— 
lements,  pour  les  aaqilltudes  de  vibration  considerees 
en  adroeiastlcite*  Nous  verrons  cependant  qu'il 
eziste  des  exoeptions,  notaoment  lorequ'U  y a une 
onde  de  choc  dont  la  position  est  trks  sensible  au 
chasq)  de  Vitesse*  Dans  oe  oss,  les  petits  mouveoents 
de  la  structure  peuvent  provoquer  un  deplacement  fini 
du  choc,  voire  mtee  le  repousser  en  dehors  du  profll* 


Mais  h 1' inverse  de  ces  ces  fondamentaleoent 
non  lineaires,  ok  on  petit  mouvement  paut  provoquer 
une  variation  finie  de  I'ecoulament,  il  exists  de 
aombrauses  configurations  d'avlons  et  de  vol  avec 
alls  mince,  lissa,  k falble  Incidence,  en  dehors  du 
domains  transonique,  dans  lesquelles  I'ecouleasnt 
stationnalre  lul-mSme  paut  9tre  considere  cobs  une 
perturbation  inflniment  petite  Justiciable  des  me- 
thodes  lineaires*  Les  problkmes  stationnalre  et  inm- 
tationnaire  devlennant  alors  oaoq>lktemeDt  Indepen- 
dants et  peuvent  Stre  traitee  separement*  Le  fluids 
etant  suppose  parfsit,  on  deflnit  un  potential  de 
Vitesse  qui  est  rdgl  par  1' equation  des  ondes  acous- 
tiquea*  L’aile  eat  aasimiiee  k uite  plaque  plane 
ep^sseur  effeetuant  de  petits  mouvements  da  vibrsf- 
tlon  de  part  et  d'sutrs  de  son  plan  moyeo*  Puisque 
I'eoouloment  ststloDnalre  n'intervlut  pas  dan«  la 
oalcul  Instatlonnalre,  on  paut  aupposer  que  la  posi- 
tion moyenne  est  le  plan  x«u  qui  oontiant  la  vi- 
tesae  T*  ' 


Le  mouvament  de  vibration  est  defini  par  une 
fonotion  li(a,4,t)  qui  rqiresaote  la  ddflaxiaa 
normals  k la  surface  portents,  suivant  I'axe  Oe* 


On  pose  : . n 

Les  fonotions  s'ldantiflant  anx  oom- 

poeantee  neiaales  das  de»nieea  da  base,  £ ( P ) 
definiesdans  le  cas  general* 


La  foimula  (4)  qui  donna  lee  eoeffldaits 
s'eorlt  dans  oe  ces  i 


oil  (3,)  set  la  forme  at  plan  de  I'aile  et 
I'affixe  du  aaut  da  pression  iastatlonaaira  k timvmrm 
la  surface  portents,  o'est-k-dire 
pour  un  mouvammnt  harmonlque  ddflnl  per  i 
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Ca  aoiiTeaent  loposa  au  fluide  une  vitasaa  aor- 

■Bde 

La  probline  auz  Uadtaa,  dont  la  solution  donna 
AC,  lorsqu’on  oonnatt  w-,  sat  8uffiaai»ant 
connu  pour  o'aToir  pas  & ttra  a^lioitd  iol  (toIt 
raf>  Cn  ^ L9j  )•  21  arista  plusiaurs  odthodas  da 
rdsolutioo  dont  I'une,  qui  ast  la  plus  frdquauaut 
utilises  par  las  adrodlasticians,  passa  par  I'dqua- 
tion  intdgrala  singilitra  azpriaant  la  vitasaa  nor- 
■ala  an  fonotion  du  saut  da  prasaion^^,^  ^ 

’'(M)  = jf/ 

oil  K ast  un  noyau  aingiill  or. 

A partir  da  cotta  dquatioo  on  pout  oaloulor 
una  aatrioa  do  coaffioionts  d'influaooo  adradyna- 
aiquss  raliant  las  valours  do  AC  sur  un  onaaBblo 
do  H points  da  prosaion,  auz  valaurs  da  V sur  un 
ansanblo  da  N points  da  vitasso  nozaalo  i 

(6)  4C{P)=  2 5 (*«)  vr(p;) 

“ v.<  av 

Las  points  da  prossion  ^(uz  i,.  »)  at  las 
points  da  vltosso  normals  ( v-i  <,  ■■  n)  sent  rd- 
partis  an  oorc's  at  an  envargure  suivant  das  r^glss 
do  rdpartltlen  optiaals,  at  foimont  douz  ensaablaa 
distinots* 

La  caloul  da  la  matrlca  nartir  da  I'd- 

quatlon  (5)  sat  devanu  elasslquo  pour  las  adrodlas- 
tiolans  ; las  mdthodos  utillsdas  dlffdrant  par  la 
fapoo  d'sffsctuar  la  disordtiaatlon* 

Lons  la  mdtbode  da  collocation,  la  rdpartltlon 
do  prossion  ast  raprdsantda  par  una  si^rposltion 
do  fonctions  da  basa  auzquellas  on  donna  un  coiqior* 
tamant  approprid  an  las  faiaant  tsndra  vers  I'ln- 
flnl  sur  la  bord  d'attaqua  at  vara  zdro  sur  las 
bords  latdrauz  at  sur  la  bord  do  fuito>  Apr^a  subs- 
titution dans  I'dquatlon  (5)  on  obtlent  un  systios 
d'dquatlons  algdbrlquas  axpiiaaiit  las  vitessaa  nor- 
BBles  auz  points  do  vitasaa  (qui  deviennant  das 
points  da  collocation)  an  fonction  das  coafflolents 
do  suporpositlon  qui  ddtorainsnt  la  fonotion  in- 
oonnua 

Llans  la  mdtboda  das  doublotsC^J  , I'aila 
ast  ddoompoada  an  aaillas  trapdsoldalos  coqiortant 
un  sagment  portant  (ou  ligna  da  doublets),  sltud 
au  1/4  avant  da  la  maille,  at  un  point  da  vitesss 
normals  situd  au  l/4  arridro*  L'dquation  (5)  par- 
mat  alors  da  oalculer  la  coefficient  d'influenca 
antra  un  sasaant  portant  at  un  point  da  vitasaa 
appartenant  k la  mine  maille  ou  d deuz  oallles  dis- 
tinotaa* 

Sans  la  mdtbode  da  collocation  I'optlaiaatlan 
das  points  da  vitasaa  normals,  das  fonotions  da 
prossion  at  doa  points  da  prossion,  parmot  da  limi- 
ter la  nombre  d'lnoonnuas  Introdultas  dans  la  dis- 
cretisation at  la  dlfflcultd  piindpala  rdalde  dans 
la  caloul  das  intdgralea  slngulldres, 

1«  adthode  das  doublata  au  oontraira  part 
d'una  reprdaantatlon  dlsoontlnua  at  grossldre  da  la 
Burfsoa  portanta  at  alle  ezige,  do  00  fait,  un 
grand  nonbra  da  mailles*  Far  contra,  la  caloul  das 
vitossas  induitas  pur  las  segments  portants  ast 
faeila  at  rdpdtltif*  In  dlfflcultd  pzinolpala  rdslda 
alors  dans  1* inversion  da  aatrioa,  puisqua  la  nombre 
da  oaillos  ast  dlavd. 

La  noaiDre  d'incomnes  qu’ll  faut  prendra  dans 
I'uns  ou  I'autrs  mdttoda  pour  bbtanlr  das  rdsultats 
aatlsfal  Santa  ddpaod  da  la  ocaq>leizltd  das  ddformdes 
(«,w]  qnl  sent  introdultaa  dans  las  oal- 
ouls  (Tadrodlastlcltd,  La  partlalpmtion  ds  modsa 
da  vibration  da  rang  dlevd,  dont  la  ddfomda  eo^or- 
ta  beauooop  da  lignss  ds  noauds,  oblige  k prendre 


un  noobra  da  points  da  collocation  asses  grand  ou 
A fairs  un  maillage  fin*  L'ezpdrianoa  mantra  qua 
pour  traitor  las  problknes  du  flottonent  d'un  avion, 

11  faut  da  I'ordre  da  25  points  da  oollooatlon  par 
deal  ails  avoo  Is  prenikra  mdthode  at  au  moins  une 
cantaina  da  mailloa  avoo  la  saoonde* 

Las  matrioas  da  coafflolents  d'lnflusnoa  d'un 
avion  peuvsnt  ttre  oalouldas  pour  diffdrantas  valaurs 
du  Naoh  at  da  la  frdqusnee  dks  qua  la  farms  on  plan 
das  surfaoas  portantes  ast  ddfinle*  Kiias  sont  alors 
miaes  an  mdmoira  at  pauvant  ttre  utillsdas  k n'i>- 
porta  qual  momont*  Cette  orj^nlsatian  oonvient  tout 
partiaalikrament  auz  adrodlastioiena  qui  pauvant 
alnsi  effeotusr  das  oalools  da  stabilitd  ou  da  r^ 
ponsa  foroda  dans  da  nombreuses  oonflgurations  at 
reprandre  cos  oalouls  chaqus  fois  qu’uns  modlfioation 
ast  apportda  k la  struetun*  La  oaloul  das  foroas 
adrodynamiquss  gdndralisdas,  qui  doit  ttra  rdpdtd 
souvant,  ast  siiiq>le  at  rapids,  at  las  saulas  dlffl- 
cultds  rdsldent  dans  la  caloul  das  coefficients 
d'influenoa  qui  n'est  affaotud  qu'uns  fois 

pour  un  mSna  avion*  Co  demlar  oaloul  paut  darvenir 
asses  codtauz  lorsqu'il  faut  dtudier  das  configura- 
tions da  structure  coiiq)lezes  s c'ast  la  oas,  par 
azenpla,  lorsqua  las  oo\;q>lagas  antra  alia  nnnannnga 
at  ddriva  dolvant  6tre  piis  an  conslddration  at 
qu'll  faut  traitor  las  trois  surfaoas  portantes  al- 
multandmant* 

II  convient  da  renarquer  qua  las  mdthodas 
lindalres  ne  s'appllquant  pas  seulement  auz  surfaces 
portantes  mala  parmsttant  dgalement  da  prdvoir  las 
forces  adrodynamiquss  Instatlonnairaa  sur  das  naoallea 
da  rdaoteur  oudes  corps  fuselds  tals  qua  fuselage, 
rdsarvolr  extdiieur  ou  charges  milltalras,  k condi- 
tion qua  I'dcouloDent  stationnaire  autour  da  cos 
dldments  puissa  Stre  assimlld  k une  petite  perturba- 
tion, fig*  (1)*  Beaucoup  d’organismes  ont  ddvaloppd 


Fig.  1 - Mtilitgt  utillfi  pour  It  ctkul.  ptr  It  mithodt  dtt  doubittt, 
rTunt  conHgurttion  tUtpylint-PtatUt  (txtrtit  dt  It  rH.  (7]1 
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dea  progiaimas  de  oalcul  qui  donnent  dea  oatricaa 
da  coeffieienta  d* influence  pour  dea  configurationa 
d'avlon  coiq)ortant  plualeurs  surfueea  portantea  at 
plusieura  oorpa  fuaelda  an  tenant  caDq>ta  dea  inte>> 
aotiona  entie  oea  dlffdrenta  dldsianta«  C«rtaina  de 
cea  prograamea  aont  oooparables,  par  leur  iiqiortanoe 
et  pur  I'dtendue  de  leura  poaalbilitda  k dea  pro- 
gramias  d'dldmenta  finis  de  atruoture  (voir  par 
ex.  let  Cl  J ). 

Baoiarquana  enfln  qua  la  notion  de  oatrlce  de 
coefficients  d’influenoe  adrodjmamiquea  s'applique 
dgalement  dana  le  cas  ou  I'dcoulenent  inatationnaire 
est  affectd  par  I'dcoulenent  atationnaire*  Ia  na- 
trice  S depend  alors  du  cbanp  atationnaire 

aiT 

autour  de  la  structure  de  rdfdrenoe,  mala  elle  con- 
serve I'avantage,  par  rapport  ^ la  natrioe 
de  pas  ddpendre  dea  ddfomdes  I?  (P)  introduites 
dans  l«s  calculs  d'adrodlaatlcltd  et  peut  6tre  dva- 
7u4e  d^s  qua  I’on  connatt  lea  conflguiations  de  vol 
atationnaire  de  1 'avion,  sans  attendre  de  connaltre 
sea  caiuctdristiquea  vibratoires. 


2 - FBSSENTATION  DS  QDELQUGS  BESULTiTS  TYPIQUES 

L'biypoth&se  des  petits  mouveoents  et  la  11- 
ndariaatian  qui  en  ddcoule  peimettent  da  dlstinguer 
deux  types  da  forces  adrodynamlques  Instationnaires  t 
les  forces  coupldes,  qui  aont  ddteimlndes  par  le 
Douveoent  de  la  structure  at  les  forces  iiq>osdes  qui 
n'en  dependent  pas  (oas  des  forces  dues  k la  turbu- 
lence). Bien  que  cette  distinction  ne  soit  en  gdnd- 
ral  paa  valable  loraqu'lnterviennsnt  des  phdnombnea 
non  llndalres,  nous  admettrons  qu'elle  peut  6tre 
faita  dans  la  pliqiart  des  oas  dtudids  par  les  adro- 
dlasticlens  et  nous  contlnuerons  k nous  intdresser 
essentielleoent  aux  forces  coupldes  qui  sent  k I'o- 
rigine  das  instsbilitds. 

la  prdvislon  d’une  Instabilitd  de  flottenant 
ndcesslte  ime  connalssance  plus  ou  noins  prdcise  et 
plus  ou  moins  complete  des  forces  adrodynamiquea 
instationnaires  selon  la  nature  de  cette  instabilitd. 

le  flottement  claasique  fait  intervenir  plu- 
sleurs  degrds  de  libertd  de  la  structure,  et  e'est 
la  ddphaaage  entre  ces  degrds  de  libertd  qui  favorlae 
le  transfart  d'dnergie  du  fluids  & la  structure.  Ca 
sont  les  forces  adrodynamiques  qui  ooiq)lent  des  de- 
grds de  libertd  de  nature  diffdrante  tela  que  fld- 
xion  et  torsion  ou  flexion  et  braquage  de  gcuveins, 
qui  sont  & l'origl,ne  de  1*  Instabilitd.  Bans  beaucoiq) 
de  cas,  il  sufflt  de  connaltre  les  coefficients  qui 
ddtemlnent  ces  couplages  at  las  coafficianta  de 
"raideur"  adrodynanique,  qui  aglssant  sur  I'dvolutioD 
des  frdquences,  pour  prdvoir  la  Vitesse  critique 
de  flotteoent.  Hals  ceol  n'eat  pas  toujours  vrai  en 
pratique  et,  de  toute  faqon,  la  prdvislon  des  aoor- 
tlsseoents  avant  le  flotteaent  ndcesslte  une  coo- 
nalssance  au  moins  approchde  das  sutrea  ooefflolants 
adrodynaaiques. 

Hals  11  axiste  aussi  das  flottaments  un 
degrd  da  libertd"  (alnai  noHids  puree  qu'ils  peuvent 
se  produire  avee  un  saul  mode  propra  da  vibration  de 
la  structure)  qui  s'axpliqnent  par  le  d^haaage  entre 
la  force  gdndrsllsde  et  la  oouvansnt,  I'lnstabilltd 
se  produisant  lorsque  la  force  adaet  une  coiq>oaante 
en  phase  area  la  vltessa  d'oeolllatlon.  Le  ddphaaage 
peut  provenir  soft  du  changement  de  algae  d'una 
ddrivde  adrodynaadque  de  portance  ou  de  moaent,  k 
grande  inoldanoe,  soft  du  fait  que  I'deouleaant  ne 
rdpond  qu'avec  un  certain  retard  a\ix  petits  mouv^ 
mants  da  la  structure.  Le  flottement  k un  degrd  se 
nanlfeste  plus  frdquMsnt  lorsque  I'dooulamant  ooa- 
porte  un  ddeoUenent  ou  une  onde  da  ohoo.  L'affat 
ddfavorable  du  ddoollement  provlent  souvent  du  teogs 
da  rdponaa  relativem«t  dlevd  qui  intervient  lorsque 
le  mnuyement  de  la  struetuie  la  fait  dvoluar  t de 


mtee,  I'effet  ddfavorable  de  I'dooulement  supercri- 
tique  s'explique  par  1 'augmentation  des  ddlais  de 
propagation  des  ondes  acoustlques  de  retour,  qui 
doivent  oontoumer  la  zone  siq>er8onique,  et  par  les 
temps  de  rdponse  qui  Interviennent  d^s  le  ddplace- 
ment  de  I'onde  de  choc  sous  I'action  du  mouvement  de 
la  structure. 

Le  nombre  de  coefficients  ou  de  ddrivds  adro- 
dynamiques  intervenant  dans  ces  Instabllitds  est  suf- 
fiaamment  faible  pour  que  I'on  pulsse  parfols  utiliser 
1' experience  en  soufflerle  pour  les  dvaluer.  Bans  ce 
cas,  il  est  Intdressant  da  renarquer,  pour  les  sim- 
plifloations  que  oela  peut  apporter  aux  essais,  que 
la  composante  de  force  gdndralisde  en  phase  avec  le 
mouvement  a un  effet  en  gdndral  ndgligeable  et  qu'il 
suffit  de  connattre  la  composante  en  phase  avec  la 
Vitesse  de  vibration. 

Mais  quel  que  soit  le  type  de  flottement  dtu- 
dld,  les  grandeurs  Intervenant  denn  les  calculs  sont 
les  coefficients  des  matrices  , e'est-k-dire 
les  intdgrales  (4)  ou  (S).  Or,  I'intdgration  a ten- 
dance k rendre  ndgligeable  I'effet  de  certains  ac- 
cidents locaux  de  la  repartition  de  presslon.  Cette 
remarque  justlfle  I'eiplol  de  mdthodes  de  wilcul 
prdsentant  des  ddsaccords  locaux  avec  I'expdrience 
mais  capables  de  restituar  correctement  I'dvolution 
gdndrale  de  la  pression  ; elle  s'applique  en  parti- 
culler  k la  thdorie  lindalre  de  la  surface  portante 
et  expllque  pourquol  celle-ci  donne  des  rdsultats 
satisfaisants  dana  un  large  domains  d'appUcation. 


2.1  - Bdaultata  obtanua  <^na  dni»4n« 

dfl  la  thdorie  de  la  surface  portante. 

Les  rdsultats  donnds  par  la  thdorie  lindaire 
de  la  surface  portante  sont  en  accord  avec  I'expd- 
rience dans  tous  les  cas  ou  I'on  ne  s'dcarte  pas 
trop  des  hypothkses  de  oalcul.  Pour  cela,  I'alle 
doit  ktre  mince,  vibrer  autour  d'une  incidenoe  moyen- 
ne  nulls  ou  faible,  Stre  lisse,  e'est-k-dire  ddpour- 
vue  de  charges  mllltalres  ou  de  rdservoirs  extdrioura. 
Il  faut  egalement  que  le  nombre  de  Hach  soit  hors  du 
domains  transsonique  pour  que  la  lindaiisatlon  de 
I'dquation  du  potential  soit  Juatlfide. 

La  figure  (2)  montre  les  valeurs  tbdoriques 
et  expdrimentales  du  coefficient  de  presslon  sur 
une  maquette  trapdzoldalc  oscillant  an  rouli^k 
Hach  0,6.  On  volt  que  la  comparaison  est  extrlmament 
satlsfaisante. 


Maquettt  FI  en  roulit 
wetion  3 


Fig.  2 - Bxgtrph  th  confronuthn  th4orinxp4rimct  tur  tih  Hm 
(uni  chtrgt). 

Ftfunithn  tn  oordt  dt  (•  pwnion  imuthnnrin  mir  un*  dtmi- 
til*  i I*  ptroi  otcin*nt  *n  fou/h.  Cbmpount*  *n  plum  uuc  I* 
oilmm  (Toiclllulon. 


de  oouche  liait*  qui  aoco^tagnant  I'oaoillation  d*  la 
gouTarna*  Cas  deformatlosn  affaotant  la  ■ouraaant  da 
la  frontlkra  du  fluida  parfaltt  aur  laqualla  la  eon- 
ditioD  da  gliaaaaant  daaiait,  m prlnoipaf  ttra  ap- 
pliqaiat  at  ^aa  pauraot  oo^roaattra  la  aaliditd 
da  la  condltlaD  da  bord  da  fultat  talla  qu'alla  aat 
appliquda  an  Inatationaaira* 


Fig.  3 — Inttnetion  timfymmqut  imtationntin  tntrw  dtux 
mrf$cm  porttntm  nettnguUrm  iftlhngimint  3 (txtnit  dt 
It  rtf.  (gy.  CtleuI  + Exfitritnct 


raprdeaptd  aur  la  flgnra  aaprlaa  la  partanoa  da 
I'aila  aval  (B)  dua  B I'oaeUlatlca  da  tangaga  da 
la  aaqaatta  aaont  (A).  La  paraaktra  H aat  la  diatanoa 
rdduita  aatza  I'alla  (B)  at  la  aiUaga  da  I'aila  (A)- 
Pour  H m 0,25,  I'aeeord  antra  thdoria  at  azpdrlanoa 
aat  aatlafaiaant*  II  darlait  aauTaia,  par  ooatrat 
pour  H a 0,  o'aat-A^ra  loraqoa  I'aila  (B)  aat  dana 
la  slllaga  do  I'alla  (A).  Cat  doart  pout  Btra  attil» 
bud  A la  diTfdranoa  qui  axiata  antra  la  alllaga  thd»- 
rlqoa,  aaadalld  A una  diaoontlniltd  da  potantlal  da 
altaoM,  at  la  alllaga  viaquauz  rdal,  dont  I'dpaia- 
aaur  aat  flnla* 

On  oonatata  dgalanait  qua  laa  doarta  antra 
praaaiona  adrodjrnaalquaa  thdoriquaa  at  azpdrlaantalaa 
aont  plus  importantes  lorsque  la  pression  insta- 
tloanalra  aat  angandrda  par  I'oaolllatloa  d'uno  goiv- 
Tama  quo  loraqu'alla  aat  produlta  par  ma  oaoillatlon 
da  I'alla  (flgura  4)»  L'origliia  da  eatta  aggraantlon 
aat  gdndralaomt  attriboda  auz  Tariatlona  d'dpalaaaur 


Laa  oxaaplaa  qui  Tinmant  d'itra  prdaantda  na 
a'doartant  pas  trap  da  donaina  do  valldltd  da  la  thdo* 
rlo  llndaiia*  Mala  oa  donaina  ne  oourra  nalbauraua^ 
nont  qu'una  partia  daa  baaoina  doa  adrodlaatioima* 

Las  diffleultda  da  prdrlaion  doa  foroas  adro- 
dpnonlquas  inatationnaiiaa  apparalaoant,  mSna  A ii^ 
eldanea  fblblo  ou  noddrda,  dAa  qua  la  non  uniformity 
do  I'doottlanant  atatlonnalra  au  TOlalaaga  da  I'aila 
doTiant  i^portonta  at  affaota  laa  oonditiona  iooalaa 
at  la  propagation  dao  ondaa  aeouatiquaa*  Loraqua 
I'deoulMant  aat  oivaroritiqaa  oaa  affota  nodiflant 
profanddnant  laa  ooi^logaa  qui  aont  A I'oiiglxio  du 
flottannt  olaaaiqna  at  pourant  nlka  ordar  daa  ina- 
tabilltda  partloullAraa  A un  dagrd  da  libartd  dont  la 
plna  ooenaa  aat  la  "buBs*  daa  gouvernes  ClQl,  Cl  11 
at  Cl2l  • las  rdfdranoas  CMl  atOSJ  , H.  Tijda- 
nan  intaxprAta  doa  rdaultata  do  nosuros  affaotudaa 
aur  oi  profU  an  prdaanoo  d'una  onda  do  eboo>  pour 
una  oaoillatlon  da  gouramo*  Par  uno  raprdaantation 
grapbiqua  da  la  propogntlon  daa  ondaa  aoouatiquaa 
proranant  d'uno  souroo  pulsanta  situda  prAa  du  bord 
da  fuitOf  dana  la  oba^  atatlonnalra  du  profll,  11 
nontra  I'l^portanoa  daa  ratarda  oonodoutifa  au  oon- 
tounwMnt  da  la  acas  aqparaoniqua  par  las  ondaa  da 
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r«tour  M propageant  de  la  gourarna  rara  la  bord 
d'attaqua*  Caa  ratarda  at  la  Bouvemant  du  ohoo  az- 
pliquwt  parfaitamant  las  tandanoas  obsarrdas,  b 
asTOir  t 

- la  ddplaoaasnt  da  I'onda  da  choo  qui  aooaa^'agM 
I'oaeillatiaB  da  gouvaraa  arae  un  cartain  ddptaaaaga 
proToqua  una  forta  bossa  dana  la  rdpartltioo  da 
prassion  inatatlcnnaiza  au  Tolaliiaga  du  piad  du  choo. 

- la  oontoumaaeat  da  la  zona  suparsonlqua  par  laa 
ondas  aooustlquas  qui  sa  propagant  rara  I'anoDt  pro- 
Toqua  una  attenuation  at  un  ddphaaaga  da  la  prassion 
Inatatlonnalra  an  anont  du  choo. 

Caa  tandanoas  aa  ratrouvant  dgnlanant  dans  das 
naauraa  da  prassion  affaetudaa  b I'ONKBa  sur  un  pro* 
fll  d'alls  ^pais  nunl  d'uns  gourema  oscillantai 
figura  (5). 


fi^  5 - anMBbn  immionntm  induitt  par  fotcUIttion  d'um 
fouiama  a«r  un  pnm  atptrcritiQiM  tmodul*  ar  phaaa  du 
cotffUcmnt  dt  pimdonl 

L'a^lltate  du  nouraaMBt  du  ohoc  a tandanca  b 
dJartnasr  aras  la  frdquanoa  at  alia  ddpand  btaucovq> 
das  ooadltisas  d'dooulaaant  atatlonnalrs.  Sans  la 
saa  das  bsaorS  frdqusnsas,  B.  Tijdanan  distlngus 
trola  aas  f • 

- la  ana  (a)  oti  I'onda  da  ohoo  affsotus  un  nour^ 
■ant  prsaqua  tinusoldal  m rastant  sur  l'ails» 

>*  la  saa  (b)  ab  I'onda  da  choe  na  qultta  pas  la 
profU  aala  s'daanouit  pandaat  una  pai^a  du  cjrolat 

- la  oaa  (e)  ob,  b ehaqua  oynla,  la  ohoo  sa  foma 
sur  la  profU  pula  as  propaga  rara  I'aaont  at  sort 
du  prsfU  au  bead  d'attaqua. 

fc  adnottaat  qua  I'aaplituda  da  ribration  da  Is 
gouverne  reate  faible,  lea  caa  (b)  et  (c)  ne  peuvent 
aa  produlra  qua  al  I'dooulaaant  ast  falblSBBnt  su^ 
parorltiqwa. 

I«  Uadarlaatlon  aat  blan  Juatifida  dans  la 
oaa  (a).  Par  oontrsr  la  oaa  (o)  prdssnta  un  oaxaetbra 
Bon-liadalra  trbs  pronoaed  pulsqus  la  oboe  aa  ddplaoa 
d'law  distanoa  finla,  sins  pour  da  patitas  oaodlla- 
tlona  da  gewrMma.  I«  grarltd  da  oatta  noo-llndarltd 


ast  toutafois  lialtdat  du  fait  qu'alla  ne  pout  aa 
produlra  qu'in  doouloMBt  faiblanant  suparoritiqas 
o'aat-b-dlrs  dana  una  ^obs  da  Maoh  dtivlta  at  arao 
un  ohoc  da  faibla  Intansltd. 

las  tandanoas  bbsarrdas  arao  une  gourema 
osoillanta  sa  ratrourantt  sals  arao  aoina  da  nattatd^ 
en  ce  qui  concerne  I'attdnuation  et  le  ddpbasage  de 
la  prassion  an  aaont  du  choo,  lorsqua  o'est  I'anaa*- 
bla  da  I'alla  qui  eat  en  vibration.  I«  figura  (6) 
montrs  ooMont  la  zona  suparsonlqua  due  b la  p:^sanoa 
d'un  engin  nodifis  la  prassion  induita  par  I'osoil- 
lation  da  tangags  da  I'alla. 


€n§0n  A $ou$  ■ AtpaftitH>n  d9  pemtion  tmtMiot>mir9 
d9n$  /«  ttcUon  i. 

CompOMntt  phaM  avac  rotcillation  (C'p)  at  compoaanta 
an  quadratura  (C*’pK  pour  una  otciltatwn  da  tanpapa. 


Fig.  6 - Infhjgnct  dt  it  torn  tuptrtonhjot  dot  i it  primnet 
<fun  tngin. 


2.3  - Instabilitds  lidas  b I'inoidanoa. 

ba  prdsanoa  da  ddoollaBsnts  aat  b I'orlgina 
da  phdnontoias  parfois  asaijnilablas  b das  instabilitds 
proprsa  b I'dooulanant  et  d'una  oooplazitd  tails 
qu'll  eat  aoursnt  dlffiella  da  fairs  la  distinotlon 
antra  forces  coupldes  at  forces  i^osdes.  L'apparl- 
tion  d'lme  sons  da  ddooUeoant  aur  una  ails  s'aooca- 
paoia  d'una  rlbmtlon  ds  tranblsaant  ou  "buffstlng". 
Sxir  una  alls  suffianiant  rigidt  pour  qua  aa  rdponaa 
n'affaota  pas  I'doculaosnt,  la  tranblaaant  prand 
I'apparenoe  d'una  azoltation  aldatoira  b spsotra 
continu. 

Mala  la  prdsanoa  d'un  ddooUsaant  a auaai 
pour  affat  da  nodiflar  da  fapon  profonda  la  ■doaniana 
du  couplaga  antra  I'dooulanant  at  la  straotura  t 
o'aat  I'drolutlon  du  ddoollanant  arao  oa  BOursaant 
qui  oonstitua  la  aouroa  prinoipala  du  oouplaga.  Coms 
on  I'a  ddjb  raaarqud,  la  taaps  da  rdponaa  relatlra- 
■ant  ioportant  qui  intarrlant  dans  oa  Bdoaniaas  a 
tandanoa  b proroquar  das  flottaaents  b un  dsgrd  ds 
libartd. 


T 
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Auoune  nrftboda  do  oaloul  no  ponot  do  prdvoir 
000  Inatabllltde*  Par  oontro.  I'ozpdrlonoo  on  oouf- 
florlo  ponot  do  fairo  I'dtudo  paraaktriquo  coi^lkto 
doa  conditiona  d'lnatabilltd  aur  un  profil  indefor- 

■abla* 


1«  flguro  (7)  Bontro  I'offot  da  I'lnoidonoo 
■oyonno  aur  la  atabilitd  d'un  profil  oootd  aroc  un 
soul  dogrd  da  llbortd*  I«  oonflguiation  ndoaniqua 
du  profil  oat  ddflnio  par  la  poaltloo  do  I'aza  d'oa- 
ciUatlon,  ‘S*  i at  par  la  frdquanoa  propro  r«  • Ia 
figuro  ddflnlt  un  donalno  d'lnatabllitd  oondltion- 
nollo  dans  lo  plan  Macb-lncldonoo«  ^ lo  point  flgu^ 
ratif  oat  altud  du  oOtd  do  la  atabllitd,  il  no  pout 
paa  y avoir  da  flottanant,  quala  quo  aolont-x^ot  ^ • 
3*11  oat  aitud  du  o6td  do  I'inatabllltd,  au  oontrairOf 
lo  flottooant  doviont  poaaiblot  maia  11  no  ao  produit 
qua  al  f,  oat  Infdriaur  b una  oortaiaa  valour  at 
X coiqpria  dana  un  cortain  Intarvallo* 


On  rasarquo  quo  la  llaita  d’inatabilltd  oon- 
ditionnallo  ault  d'aaaoa  prba  la  linlto  do  tronblo- 
Bont  ; oaoi  aontro  quo  loa  douz  pbdnoabnaa  ont  la 
orlginot  )i  aavoir  < I'apparltioo  du  ddoolleaent* 


Fig.  7 — Limittt  d»  tubiiitt  ar  dt  tnmbitimnt  obmndtt  air  un  profit 
an  tcouiarrmtt  pt»n  (rtf.  ( 1S]I.  la  domtint  d'iraubiiiti  dtlimitt  air  carta 
figuiw  dtfinit  una  condition  ntasuiro  mois  non  aiffiunto  dt  flotttment. 


Loa  Inatabllltda  da  ootto  naturo  pouvont  af- 
faoter  la  pale  rooulante  doa  hdUooptbrea  at  lea 
aubos  da  ooBprosaour*  Sana  lo  oaa  doa  paloa  d'hdli- 
ooptbre  lo  phdnoBbne  oat  oompliqud  par  la  vitaaao 
d'avanoaaant  et  loa  varlatlona  pdriodiquos  du  otaanp 
do  vitaaao  qui  on  rdaultent* 


L'dtudo  on  soufflerlo  da  oaa  inatabilltda  reato 
diffloiloi  blon  quo  lo  nonbre  da  parambtrea  intervo- 
nant,  pour  un  profil  donnd,  solt  rolativoBont  falblo* 
La  prlnoipala  diffloultd  rdsida  dans  lo  fait  qua  las 
foiooa  adrodynaalquoa  ooupldoa  doivant  btro  extraltoa 
d'un  bruit  do  fond  i^ortant  provanant  du  bruit  et 
da  la  turbulenoa  du  vent  at  doa  fluotuatlona  prt^roa 
b I'dooulaaient  autour  du  profil  b grande  lneldanoo> 

Lea  methodee  d' analyse  harmonique  des  slgnaux 
porBOttont  do  adparor  la  ooapoaanto  do  preaslon  ou 
do  foroa  adrodynaaiquo  oorrdldo  avoo  lo  BOUvoBont  do 
profil  ; aaia,  du  fait  doa  non-llndarltda,  ootto 
ooapoaanta  pout,  allo-DlBie,  ddpondro  do  la  turbu- 
lanoa  du  vant  at  no  paa  oaraotdrlaor  uniquaawnt  lo 
oouplago  antra  dooulwant  at  oouvanant  do  la  atruo- 
turo«  B'aillaara,  la  adparation  antro  forooa  ooupldoa 
at  foroos  non  ooupldoo  n'oat  valabla  qua  dans  la 
Boouro  ob  toutoo  lea  porturbationa  instatlonnairos, 
y ooaprls  la  turbulanooi  roatont  potitoo* 

I«  figuro  (8)  Bontra  doa  rdaultata  obtonus 
aur  un  profil  d'aubo  Bontd  dona  une  aoufflorlo  da 
griUo  droito*  On  ranarqua  una  sona  d'aBortlsaoBont 


ndgatlf  (o'eat-br-diro  d'lnatabllitd)  an  dalb  da 
Naoh  0,7,  pour  una  Inoidonoo  da  9*  ^191  • 


Fig.  8 — Amortitmmtnt  ttrodyntmiqut  d'unt  aubt  otcdiant  autour  dt 
it  mi-eordt,  an  fonction  dt  I'irtcidanct  at  du  nombra  dt  tUaeh. 


Coa  inatabllltds  n'ont  paa  un  oaxaetbro  anaai 
e^loaif  qua  lo  flottaaont  olasadquot  paroo  qua  las 
non-llndaritda  viannant  linitar  I'aagplitudo  da  vi- 
bration (oyolo  llaita) t aaia  elloa  pouvont  provoquar 
la  nq>turo  dana  baauooup  do  oaa> 


2.4  - YaUdltd  do  Undarl 

So  atBo  quo  la  aatrioo  A^f , loa  oooffioianta 
azpdrinentaux  qui  viennont  d'btro  prdsantda  n'ont  do 
aena  qua  tant  qua  lo  mouvsBont  do  la  strueturo  raato 
b I'lntdrlour  du  dOBalno  ob  I'taypothbao  do  llndaritd 
oat  aooaptablo.  Sans  lo  oaa  ob  las  non-lindaritds 
riaquent  d'intervonlr  lo  plus,  on  ns  dispose  mI- 
hourouasnaant  d'auouna  ndthodo  da  oaloul  poiBottant 
do  ddtoTBlnor  I'dtondua  da  oa  dOBaina,  at  l'a^>loi 
d'una  foiBulatlon  lindairo  ne  pout  btxo  Juatifid  quo 
par  I'axpdrianoo,  an  ooqparant  las  valours  das  ddrt- 
vds  adrodynaaiquoamesureesavoo  das  aiqilitudaa  do 
vibration  diffdrontoa.  I«  figuro  (9)  Bontro  las 


Fig.  9 - fttpartition  dt  pratthn  inttationnairt  dut  t una  otefHathn  dt 
gouvtmt  ait  un  profit  luptrcritiqut  (compotanta  i it  fttguanea  du 
mouatmant).  OoaffMant  dt  prtttion  rantant  i una  tmpiitudt  anguttira 
unittlia,  atrifiottton  dt  it  lintaritt. 

o AmpHtuda  101  • * AmpHtudt  101  ^ 


1. 
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rtoultata  d'ua  ooatxU.*  d*  Itadarltd  daaa  ua  oaa 
partleaUkraMBt  difftoUa,  iniisqu'll  s'agit  d'ua 
profU  aa  deoulMent  auparorltlqua  avao  osolUatlaa 
da  gouraraa*  !«  Tariatioa  da  C^/fi  loraque  l'a»- 
plit\^e  4e  I'oseillation  passe  dc  1°  d 15“  montrc 
qu'd  1°5  on  est  d€jd  sorti  du  dcnaine  oil  la  linea- 
risation est  acceptable  pour  la  pression.  Bien  que 
les  ecarts  importants  ne  se  trouvent  qu'au  voisi- 
nage  du  choc  et  que  1' integration  ait  tendance  d 
attenuer  I'effet  des  ecarts  locaux,  on  doit  consi- 
derer  que  I'amplitude  de  1°5  est  dejS  en  dehors 
du  dcmaine  oil  la  linearite  est  admissible  pour 
les  farces  generalisees.  Mais  cet  exmple  est  un 
des  plus  sevdres;  dans  la  plupart  des  cas  la  li- 
nearite  peut  etre  admise  sans  reserve  pour  des 
amplitudes  de  I'ordre  du  degre. 

3 - RKHSBCHB  IS  WXJVELUS  HSTaOISS  DB  PBB7ISI0N 

La  creation  da  noovelles  nethodas  da  preriaioa 
das  foroas  aerodynamlquaa  Inatatioanalraa  r^>oodant 
auz  baaolna  daa  aeroeiastlclaos  neoaaalta  un  affort 
important  da  reobareha  at  de  devaloppamant* 

Four  qua  oas  methodaa  m soient  paa  trop 
lourdaa  d ezploltar,  alias  doivent  Itra  devaloppeaa 
h partir  de  noddles  auasi  sidles  qua  possible*  Dans 
la  oas  oil  o'ast  un  deooUsoent  qui  Joua  la  rOla  es- 
sential, on  peut  s'orienter  vers  la  raohereha  d'un 
models  phenooenologiqua  ou  d'un  models  theorlqua 
dans  laquelle  le  point  de  decolleoent  est  impose. 
Dans  le  cas  oil  il  n'y  a pas  de  decollement,  on 
peut  developper  des  methodes  theoriques  plus  ou 
moins  complexes  selon  qu'elles  tiennent  compte 
ou  non  de  la  couche  limite.  Les  resultats  de  la 
figure  (1*)  montrent  qu'il  faut  en  tenir  compte 
pour  ytivoir  le  champ  de  pression  induit  par  les 
vibrations  de  gcuverne.  Dans  les  autres  cas,  par 
contre  on  peut  se  demander  s’il  ne  suffit  pas  de 
recherche  les  solutions  des  Equations  d' Euler  non 
lin&aris^es.  La  r^ponse  a cette  question  serait 
malheureusement  negative  si  I'on  en  juge  par  les 


fig.  to  - Infhjmct  dt  rtptitmur  tt  di  It  eouctm  llmitt  tur  It  rdptnithn 
dt  pmtion,  pour  um  otalltdon  dt  gouvtmt  tn  qutd-ttttlonntm 
lidmfttt  txtrtlt  dtitfdf.  [1S\). 


rSsultats  pr^sentSs  par  H.  TijdesMn  dans  la  refe- 
rence . L'auteur  compcce  la  repartition  de 
pression  experimentale  sur  un  profil,  en  station- 
naire  et  en  quasi-stationnaire,  aux  vsleurs  tbSo- 
riques  obtenues  dans  les  conditions  suivantes  : 

- avso  la  tbdorie  lindairm, 

- avso  affets  non  Undalrss  «i  fluids  parfait 
Equations  d'lulsr  nom  liadarisdsa), 

- avso  sffsts  non  llndairss  si  ooupl^  couche 
limite-fluide  parfait. 

Ls  msUlsur  rdsultat  sst  doond  par  Is  troi- 
siims  esloul,  ootmt  on  pouvait  s'y  attendzs,  amis 
on  oonstate  quo  la  solution  non  lindairs  an  fluids 
parfait  est  moins  boons  qua  la  solution  liadairs, 
figurs  (10). 

D'aprds  oas  rdsultats,  il  sarait  done  illu- 
soirs  ds  tanir  oo^ts  das  affsta  non  liadairsa  da 
fluids  parfait  sans  tanir  ooq>ts  an  m^  ta^s  dn 
ccuplags  du  fluids  parfait  avso  la  eouotaa  limito. 


3.1  - Bdsolntlon  den  douaUona  du  fluids  parfait. 

Nous  n'lnsistarons  paa  sur  loo  ndtbodao  da 
rdsolutlon  das  dquatioos  d'luler  non  lindaiiss  an 
dooulement  plan,  par  dldmants  finis,  diffdranoas  fi- 
nies  ou  Toluns  fini  (rdfdranoe  C20J  i L 25J  ).  Cas 
mdthodas  fonctionnant  ddjb  t olios  no  rdpondant  pas 
enoors  auz  basoins  das  adrodlastieians,  paros  qu'allas 
exigent  des  tamps  de  oaloul  prohlbitifs,  mais  alias 
peuvant  ddjk  dtre  utllisdes  pour  oontrAlar  das  md- 
thodes  moins  rlgoureusas  et  plus  rapidas.  In  rapi- 
dltd  du  oaloul  est  uns  des  prdoociqistloos  easantiel- 
les  de  ceuz  qui  les  dtudient.  Sur  oe  plan,  V.F. 
Ballbaus  et  F.H.  Goorjian  montrent  que  I'on  peut 
obtenir  une  amdlloratlon  ddoiaive  en  utilisaat  un 
algorithme  de  diffdrenoes  finies  i^lidte  t23J  . Il 
est  viai  que  oas  auteurs  ns  rdsolvent  pas  lea  dqua- 
tions  d'Buler  ezsetes  mais  I'dquation  du  potential 
an  quasi  stationnalre,  avac  un  tame  non  lindaire  en 
, qui  en  constitue  la  forme  approohde  gdnd- 
ralement  admise  pour  tzaiter  les  probldMs  de  pertuiv 
batlon  en  transsonlque.  Les  rdsultats  prdsantds 
recoupent  bien  les  rdsultats  de  Magnus  - Tosfaihaxa 
r217  , qui  partent  des  dquations  d'Buler  exaotas 
at  utllisent  un  algorltbma  ezpllclte,  mais  les  teams 
ndcesaaires  pour  oalouler  un  ntne  oyde  d'osoillstian 
sur  CDC  7600  sont  respeotivamant  da  8 aoo  et  do 
1500  seo. 

On  peut  dgalamant  reohareher  la  siiq>lifioation 
du  oaloul  en  lindariaant  les  dquatLoDs  autour  da  la 
solution  stationnalre  ezaeta,  com  la  fait  M.  Fanain 
C267  it  I'GMSBi.  Cette  mdthods  est  intdoressanta  tant 
que  I'dcoulsBient  eat  suborltiqus  mais  elle  s'appliqus 
mal  en  dooulement  st^erorltlqua. 


3.2  - Mdthoda  lindaire  avan  ooirTeotioa  da  Maoh 

In  ndoeasitd  da  rdpdter  un  grand  nombre  da 
fols  les  oalouls  de  foroas  adro^jmsmiqasa  an  taamat 
co^te  das  affets  trldimansioonals  oblige  aneore 
les  adrodlastioiena  k utiliser  la  mdthode  da  oaloul 
fondda  sur  la  llndarlsation  autour  do  I'dooulamant 
enifoma,  an  easayant  da  imttiaq>er  laa  inauffiaanoas 
de  oette  mdtbods  peur  das  oorreetiooa. 

Dana  la  rdfdranoe  ri33  , Fijdamaa  at  laaaa  ont 
proposd  urn  mdthoda  qui  resUtns  aasas  bien  las  affets 
non  llndairaa  da  fluida  parfait  an  deoulamant  suboxi- 
tiqua  ou  falblamant  superorltiqae.  Lea  auteurs  re* 
marquant  qua  obaeun  daa  ooaffioiaBta  d'liifluanoa 
adrodynemi  1— e ddpand  baauomq)  plus  da  la  rdpaz^ 

tition  du  Naob  antra  las  points  fi,  dt  R!-  qua  da 
Maoh  infial.  Ils  proMsant  alors  da  prmadze  poor  vm- 
leur  du  oooffioiant  '>,,<10  valour  oorrespondant  k 
ana  valour  moiyanna  du  Maoh  antra  oes  dauz  points. 

Oa  Maoh  majm  pout  ttre  dvalud  an  so  zaooordant  auz 
valonra  quasi  stationnairaa  donndas  par  la  rdsolutlon 
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d»»  Equations  d'luler*  A oaitta  correetlon  vient  s'a^ 
Jout  X una  cozraetioo  sur  la  Titasse  nonale  qui  eat 
dvalude  auaal  an  oonalddiant  la  Ibch  local,  ooata 
I'aTait  ddJA  fait  Rowe  C272  • 

Dea  rdaultats  maieriquaa  aont  preaantda  par 
Rooa  [Ji  • I«  oo^tazaieon  ayao  lea  rdaultata  du  cal- 
oul  ezaet  eat  aaaas  aatlafaiaanta,  figure  (11),  aaia 
la  oc^araiaon  ayae  I'aaqpdrienoe  n'aat  paa  aadliorda 
tant  qua  I'ob  na  tiant  paa  coopte  da  la  couofaa  liaita. 


Fi§.  11  — Rtmthm  donnt  ptr  It  corrtction  dt  Mtch  hetl  tur  un  profil 
«Me  gotmtnt  oteilltnn  tn  tubtoniqut.  R = Omt  It  at  ttm  oomction. 
ftxtrtit  dt  It  idf.  [7]  A 

^.■5  - IUthnH«  d’iatroductifl"  1a  n«i«h« 

llaUt- 

L'iafluaooa  da  la  eouche  liaite  paut  ttra  d^ 
tazainda  par  una  odthode  da  coiq)lage  ooucha  liaite 
fluida  parfcdt,  II  a'agit  d'una  ndthode  itdrative 
dana  laqualla  ohaqua  paa  d'itdratiaD  oolqMrte  un 
oaloul  da  couche  liaite  at  un  oaleul  da  fluida  paz^ 
fait,  lie  coiq>lago  eat  ddflni  ai  I'on  adaat  qua  la 
cooditian  da  gliaaeaent  dolt  Itre  appliqude  k la 
frontlhra  dea  dauz  dcaalnea. 


Dana  un  trayall  qui  n'a  pas  SDOore  dtd  publid, 
J.J,  Aa^llai  ddorit  una  adthoda  plus  sdjqpla,  qui 
a'adapta  partlculldraeiant  blen  auz  taebnlquaa  da  oal- 
oul  utilladaa  par  las  adrodlastielens.  Cobs  I'ayalt 
fait  C.S.  Ventres  C282  avant  lui,  I'autaur  lindarise 
las  dquations  du  fluida  parfalt  autour  d'un  profil 
de  vltesse  dans  la  couche  linite  supposde  connue  et 
11  ddteralne  una  dquation  intdgrala  an^ogna  k , 
■ais  avac  un  noyau  plus  oompleza,  mdtboda  n'a  pas 
anoors  dtd  nisa  an  oauyra  an  instatloanaize,  oais 
I'applioation  au  atatioonaira  sa  rdrkla  praaetteuae 
nalgrd  una  aebdeatlaation  trks  rudiaantalre  de  la 
couche  liaita  (figure  12), 


3.4  - »odblas  nhdnoadnoloaiauea. 

L'interactioD  antra  onde  da  choc  et  couche 
llnita,  qui  eat  souvant  k I'origLna  das  instabllitds 
de  gouvazna  et  du  trenblanant  das  alias,  est  un  phd- 
nonkna  trop  coii;>leze  pour  pouroir  Itra  traitd  da  fa^ 
qon  cciiplkte  sur  la  plan  thdorlqua.  Dans  la  rdfdrenca 
C29J  , Ii.  Trilling  an  prdsanta  una  thdorla  slzq>li- 
fida  qui  an  ezplique  blen  la  mdesTilMa  at  las  ten- 
dances at  qui  pourzait  ttra  k I'criglae  da  oaloula 
utiles  pour  las  adrodlastloiena.  Toutefols,  ceuz-ol 
sent  encore  obllgds  d'avoir  reooura  surtout  k I'ez- 
pdrlenca. 

Dana  la  cas  d'un  profil  indSformable  ,dant  la 
position  et  las  mouvements  d'ensaabla  peuvent  Stre 
ddfinls  ayac  un  ncobra  da  pazaoktras  ralatiTaBient 
faibla,  la  reoharohe  d'un  modkla  pbdncndlogiqua  paut 
palier  las  Insuffisances  das  ndthodas  thdozlquas  an 
doouleannt  supercritiqua  ou  an  prdsenoe  da  ddeoll»- 
ments.  I«  mise  au  point  d'un  modkla  et  son  idantl- 
fioatian  ndoassltent  un  grand  nonbre  d'esaals  an 
soufflezla  sur  profil  oscillant  an  oouzent  plan. 

Ca  sent  surtout  las  spdcialistas  das  bdlioop- 
tkres  qui  s'attacbant  k dlaborer  das  modklas,  pour 
prdyolr  I'affet  das  grandas  incidanoas  sur  la  pale 
reeulanta  C30]  at  C31]  . Jusqu'k  malntenant,  las  rd- 
sultats  sent  assaa  ddoarants  oar  las  modklas  synth^ 
tlsant  las  resultats  ezpdrimantauz  qui  ont  sazri  k 
las  Identifier  mais  na  paznattent  pas,  an  gdndral, 
de  las  eztrapoler.  Il  est  vzai  qua  las  hdliooptkzlstea 
se  posant  un  problkne  particuUkranant  diffloila  an 
considdrant  das  oscillations  de  grande  aaqtlitude  ; 
on  paut  aspdrer  obtenir  de  melllaurs  rdsultats  an 
se  linitant  k da  petlts  mouvaoents. 

Hals  pour  permettre  I'ertzapolation  das  rdsul- 
tats au  delk  das  valaurs  da  pazaoktras  balayda  an 
souffleria,  la  modkla  doit  tradulre  das  prooassua 
physiques  et  na  pas  ttre  una  slapla  mdtboda  de  11»- 
oaga  de  rdsultats  aocpdrimantaxiz.  Dans  la  cas  d'un 
profil  avac  ddoolleoent,  ou  ayao  onde  da  ohoo,  par 
azanpla,  11  est  iiq>ortant  da  raprdsanter  las  affats 
da  retard  qui  aont  k I'orlgine  da  la  plupaiit  dea  in^ 
tabilltds  k un  dagrd  da  llbartd. 


^.■5  - Hi'ma  rndthod. 

llndaira  m thdoria  lladalrn  tflfllMi 

Dans  baauooup  da  pzoblkoiss  d'adrodlaatieltd, 
las  affats  non-lindairas  at  las  affats  tzidlmanaion- 
nsls  semt  d^damant  laportants.  Or,  an  dehors  da  otr- 
talnas  ndthodas  do  oorraetlon,  oamt  ooUo  du  pam- 
graphs  3.2,  las  ndthodas  thdozlqusa  ou  alM  ampdri- 
mantalas  utilisdaa  pour  oaraotdrtaar  das  deoulanants 
non  llndalraa  as  s'appliquant  ancoza  qu'an  dooulaMnt 
plan,  da  sorts  qua  las  adrodlastieiana  disposant  da 
modklas  bidimanaioanals  aon-Undaizas  at  d'uaa  thd^ 
ria  tzidlaanaloBnalla  Uadaira. 

Pour  bbtanir  das  rdsultats  tenant  ooapta  k la 
fols  das  affats  trliil  nansionnals  at  daa  affats  non 
llndairas,  il  faut  utlllsar  oas  dauz  outUs  an  lea 
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de  fagoD  ratloanaXla*  C«  coupla^  deviant 
possible  an  faisant  las  bypotbbsaa  suivantes  i 
a - les  saotiona  d'aile  peuvent  ttre  assinildes 
k des  profile  en  dcoulanent  plan  se  ddplapaat 
dans  un  fluids  pertuibd  par  les  Interaotions 
tridlaanaionnalles* 

b - k uns  distanoe  suffiaaaMnt  grande,  un  dl^ 
■ant  d'aile  induit  La  akna  vitoaae  ^'un 
dldnent  de  surface  portante  sans  dpaisseur 
de  ntM  portance,  et  ceol  nine  si  I’dcoule- 
aent  est  fortanent  pertuibd  au  voisinage  de 
I'aUe. 

L'bTpotbkse  (a)  Justifie  I'esploi  de  oodklas 
bidlaenflionnels  pour  ezprljser  la  relation  looala 
entre  portance  et  incidence,  et  I'bgrpothkae  (b)  Ju»- 
tifie  I'enploi  da  la  thdozie  lindaire  pour  dvalusr 
la  Vitesse  induite  par  les  interaotions  tridlmension- 
nalles.  On  en  ddduit  uns  ndthods  ds  caloul  itdrative, 

Cette  approotas  a dtd  utilisde  par  J>J,  Costas 
L32J  pour  calouler  les  forces  adrodjrnaalquss  sor  les 
pales  d'hdlicpptkre,  la  fomulation  utilisde  dans  la 
calcul  lindedre  est  une  gdndralisation  de  1* Equation 
Intdgrale  (5)  k des  oouvenents  plus  c(q>lexes  qua 
oaux  de  I'alle  r33J  et  la  aodkle  bidiaanaionnal  ast 
aapruntd  k Groa  et  Harris  IT 30J  • la  mdtboda  est  dga- 
ISBsnt  ddorite  dans  la  rdfdrenoe  C35J  • las  rdsultats 
prdsantds  dans  la  figure  (13)  aontrent  que  I'effet 
dtt  aodkle  bidiaanaionnol  eat  surtout  ressanti  sur  la 
pale  raeulante,  pour  un  asiaut  da  270*. 


Esparlwica 
Calcul  inaairv 


fig.  13  - Ctkul  dt  /a  porttnet  mtr  Im  pt)m  (fun  rotor  oxptrirmotol 
aacbon  do  coordotmdo  rodloh  r/ft  ~ 0,8SS.  loxtroit  do  to  rdf. 


CCHICUISICII 

la  thdoile  lindairo  de  la  surface  portante  ast 
un  dutil  da  prdvlsian  das  forces  adrodjraaaiqaes  d'uns 
lanarquable  souplasaa,  nais  son  doaaina  de  validitd 
ae  oeuvre  qu'we  partie  dee  prbblksws  pratiques  pesds 
auz  adrodlaatioians,  et  ceux^  se  troovant  ddsamda 
dans  un  grand  noabra  da  oaa*  L'abssnoa  ds  nogruau  da 
prdvislon  dsa  dcoulMnta  avac  onde  da  oboe  eveu 
ddeollsMnta  set  particulikiUMnt  rsgrettabla  pares 
que  oaa  dooulaaaats  sent  critiquaa  du  point  do  vua 
du  flottSBlt. 

la  aituatloa  dvolna  peurtant  favorablaaant. 

Lae  adtltodea  da  rdsolntion  dae  dqnations  du 
fluids  parfalt  et  la  adtboda  du  oouplage  oouehe 
llalte-flulda  parfalt  na  penettent  paa  aneore  una 
asploltatlon  syitdasttgas  an  zalaon  notsHMnt  du 
ta^  da  oadoul  proidbltlfs  et  da  la  dlffieultd  da 
reprdeantatlan  iMlate  du  eaapor  tenant  Instatlonaaira 
da  la  oouobs  llalte,  aals  alias  ooBmoant  k dennor 
daa  rdsultats  fort  utUaa  pour  la  oontrdla  da  ndtbodaa 
solas  rlgoursuaae  aala  plus  n^ldas. 


D'autre  part,  les  effets  de  I'dooulaannt  su- 
parcritlqua  ou  das  ddeoUaoents  sent  aieuz  ooqirls, 
nine  si  I'on  n'eet  pas  encore  oapebla  d'en  faiza 
une  provision  quantitative  ; or  une  bonne  interprd- 
tatlon  qualitative  n'est  pas  ndgllgeable  car  ells 
pout  alder  k orlentar  les  recherebas  espdiiaantales 
at  faolllter  la  aodklisation. 

On  ranarqua  enfin  I'apparltlon  d’una  certains 
rationalisation  dans  las  adtbodas  de  oorrsetian, 
tellas  qua  1' introduction  du  Haob  local,  qui  se 
fondent  aalntanant  sur  daa  bgrpothksas  prdcisaa  alors 
qu'il  y a oualques  anndes  encore  les  s^as  oorrs»- 
Uons  qui  dtalent  pratlqudas  conslstaiant  k nulti- 
plier  les  coefficients  d'influanoe  adrodynaalquas 
par  un  ooeffidant  Bultiplioataur  qui  las  rapproebait 
des  valours  azpdrinsntales  disponlblss. 
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ETUDE  D'ECOUUEHENTS  TURBULENTS  SUBSONIQUES  ET  SUPERCRITIQUES 
PAR  VISUALISATION  ULTRA-RAPIDE 

par  A,  Oyment  - Haltre  de  Conffirences 
at  P.  Gryson  - Ingfinleur 
Instltut  de  rtfcanlque  des  Fluldes 
5,  bd  Paul  Palnlevd,  S9000  - Lille  (France) 


SOimiRE.- 


L'lnstabllltfi  de  la  surface  de  sfiparatlon  qul  suit  un  d6colIement  sat  A 1 'origins  des  structures 
tourblllonnalres  qul  apparalssent  en  aval  d'un  obstacle.  Une  lol  gAnArale  est  Atablle  pour  exprimer  le 
nombre  de  Strouhal  des  tourblllons  gSndrAs  au  dAcollsment  an  fonctlon  du  nombre  de  Reynolds.  Les  tourblllons 
Amis  sublssent  des  agglcmAratlons  successlvea  dont  le  mAcanlsms  est  expllqui  A I'alde  d’une  thAorle 
slmpllflAa.  Pour  former  une  allAe  alternAe  dont  Is  Strouhal  est  nettement  InfArleur  A celul  d 'Amission, 
lee  tourblllons  de  cheque  file  dolvent  sublr  une  nouvelle  agglcmAratlon.  Le  fait  que  I'allAe  alternAe 
n'apparalt  InxAdlatement  an  aval  de  I'obstacle  qu'A  Reynolds  modArA  s'expllque  en  consldArant  un  temps 
de  relaxation  nAcessalre  A cette  agglomAratlon. 

Les  visualisations  ombroacoplquss  et  strloscoplques  ultra-rapldes  sont  faltes  en  utlllsant  une 
batterle  de  24  sources  Adairs.  Elies  apportent  des  Informations  nouvelles  sur  la  struoture  du  slllage 
prochs  en  Acoulement  subsonlque  et  supercrltlqus.  En  partlculler,  sont  mlses  en  Avldence  certalnes 
proprlAtAs  concernant  la  propagation  des  tourblllons  Amis  aux  dAcollements,  la  formation  des  allAes 
altsrnAes,  la  couplage  entre  I'allAe  alternAe  et  le  dAcollement.  En  Acoulonent  supercrltlque  on  obtlent 
une  description  de  1 'Interaction  entre  tourblllons  et  ondes  de  choc  t la  propagation  des  ondes  acoustlques 
crAAss  par  cette  Interaction  rAvAle  que  la  poche  supersonlque  n'est  pas  A I'abrl  des  perturbations  en 
provenance  de  I'aval. 


sutmni.- 

Tha  Instability  of  the  free  boundary  which  follows  separation  Is  at  the  origin  of  large  eddies 
existing  downstream  of  a body  In  a flow.  A general  law  Is  given  which  expresses  the  Strouhal  number  of 
addles  generated  at  a separation  point  as  a function  of  the  Reynolds  number.  The  emitted  eddies  undergo 
successive  coalescences  whose  process  Is  explained  by  a simplified  theory.  To  form  a vortex  street  whose 
Strouhal  number  Is  much  lower  than  the  emission  one,  the  eddies  of  both  sides  have  to  coalesceonce  again. 
The  fact  that  the  vortex  street  does  appear  Immedlatly  behind  the  body  only  at  moderate  Reynolds  numbers 
can  be  explained  In  considering  a relaxation  time  necessary  for  coalescing. 

Ultra-short  duration  shadowgraph  and  Schlleren  visualisations  are  done  with  twenty  four  spark 
light  sources.  They  give  new  Informations  on  the  structure  of  the  wake  near  the  body  In  subsonic  and 
supercritical  flows.  Are  emphasized  some  properties  regarding  the  spreading  of  eddies  emitted  at  separation 
points,  the  formation  of  vortex  streets,  the  coupling  between  the  vortex  street  and  the  separation.  In 
supercritical  flow  one  obtains  a description  of  the  Interaction  between  eddies  and  shock  waves  i the 
propagation  of  acoustic  waves  created  by  this  Interaction  shows  that  the  supersonic  pocket  can  be 
Influenced  by  disturbances  coming  from  downstream. 
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NOTATIONS  ININCrfALES.- 


e 

L 

/ 

n 

N 

q 

R 

r 

S 

t 

1/ 

u 

V 

w 

X 


cords  d’un  profll  d'aile 

dimensions  de  I'obstacle  (obstruction  gdomdtrlque  en  gdndral) 
dimensions  du  domains  de  Navler  Stokes 
nombre  de  Mach  au  loin  en  amont  de  I'obstacle 
frequence 

exposant  d6flnl  dans  1 'Equation  (1) 
nombre  de  Reynolds  — — 

rayon  d'une  structure  tourblllonnalre 
nombre  de  Strouhal 

V 

temps 

Vitesse  au  loin  en  amont  de  I'obstacle 

Vitesse  dans  le  domains  de  Navler  Stokes 

Vitesse  de  propagation  des  tourblllons  d'une  file 

Vitesse  de  propagation  des  structures  tourblllonnalrss  de  l'all6s  alternde 
absclsse 

absclsse  h laquelle  commence  la  fl*  agglomfiratlon 


a(  Incidence  d'un  profll  d'aile 

T'  circulation  de  la  Vitesse 

lit  Intervalls  de  temps  entre  deux  Eclairs  successlfs 

Xn  longueur  ndcessalre  A la /i*  agglomeration 

if  vlscoslte  clndmatlque 

V durfie  d'un  6clalr 


Indices 


e 

a 

o 


relatlf  4 
relatlf  4 
relatlf  4 


1' emission  des  tourblllons 
I'aliee  alternee 

I'extremlte  des  domalnes  de  recirculation 
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1 - nmtoDvcTiai.- 

Lea  moyens  de  calcul  offerta  actuellsnant  par  lea  ordlnateura  ont  permla  un  Important 
ddveloppamant  de  I’dtude  dea  ph6nom6nea  turbulenta.  II  a'aglt  aaaentlellament  da  turbulence  d6velopp6a 
qua  I'on  aborde  8 I'alde  da  moddlea  mathimatlquea  plua  ou  molna  dlabor^a.  La  but  de  cetta  modfillaatlon 
ast  d'dvltar  la  recoura  direct  aux  dquatlona  de  Navler  StoKae  qul  ndceaalta  dea  calcula  numfirlquea 
prohlbltlfa.  Alnal.  8 I’exceptlon  de  quelquea  tentatlvea  da  almulatlon  num6rlque  dlrecta,  I'analyae  de 
I'aapect  Inatatlonnalra  de  la  turbulence  eat  g6n6ralement  lalaa6e  da  c6t6.  Pourtant  cat  aapact  eat 
fondamental  pour  la  compr^henalon  dea  phdnomdnes.  particu lldrement  en  ce  qul  concerne  la  naieaanot  de  la 
turbulence  at  aon  d^velappenent  initial, 

Dana  cetta  communication  on  6tudle  la  atruotuee  du  aillage  prooha  d'un  obataola  an  iooulammt 
plan,  i nonibre  da  Baynolda  grwtd  at  tel  qua  lea  dioollamenta  aolent  laminairaa,  Cea  ddcollamenta 
apparalaant  comns  dea  aoviroea  d'dmiaaion  de  tota'billana,  L’6tude  thfiorlque  de  cetta  dmlaalon  eat  falta  an 
utlllaant  dea  proprl6t6a  localaa  dea  domalnoa  qul  englobent  lea  polnta  de  dficollament.  Grice  i dea 
hypothiaaa  almpllflcatrlcea  concernant  la  propagation  dea  tourblllona  imla,  on  montre  qu'll  axlata  un 
procesaua  d ‘a^loaiiz^tiana  auaaeaaivaa  dont  on  itabllt  certalnea  proprlitia.  Lea  riaultata  obtanua 
parmettant  d'aborder  soua  un  angle  nouveau  I’itude  dea  alUaa  altamiaa. 


[ L'itude  expirlmantale  dea  icoulemanta  dicrlta  cl-daaaua  eat  difficile  car.  la  nombra  da  Raynolda 

I itant  grand,  11  a'aglt  da  phinominea  tria  rapldamant  varlablea.  Cette  itude  eat  falta  Icl  i I’alde  de 

I viattaliaationa  ultra-rapidaa  utlllaant  24  aourcea  6clalra. 


2 - EMISSIOH  DBS  TOUFBILLOSS.- 

A grand  Raynolda  I'icoulament  plan  autour  d’un  obatacla  priaanta  n6caaaalramant  dea  dicollamanta 
au  nombre  de  deux  au  molna.  Noua  conaldirona  le  caa  da  dicollaments  lamlnalrea  at  noua  noue  llmltona  au 
caa  d’un  flulde  Inconpreaalble. 

Dialgnona  par  L une  longueur  caractirlatlque  da  I’obatacla  (an  giniral  aon  obatruetlon 
giomfitrlqual  par  1/  la  vltasae  au  loin,  par  v la  vlacoalt*  clnimatlqua.  par  R la  nombra  da 
Reynolda  itJi. 

V 

Autour  d’un  point  de  dAcollement  11  exlata  un  petit  donalna,  aana  direction  prlvlliglia,  oC  la 
mouvement  obilt  aux  iquatlona  da  Navler  StoKea  complitea.  Ca  domalna  eat  anglobi  dana  une  coucha  llmlta 
du  c&ti  du  courant  ginSral  oO  on  a un  icoulement  Irrotatlonnel  r6gl  par  lea  Aquatlona  d ’Euler,  at  dana  une 
aoua  couche  llmlta  du  cfitA  du  domalna  da  recirculation.  Le  mouvement  Atant  parmanant  at  lea  dlmanalona  dea 
domalnea  de  recirculation  Atant  d’ordre  L , on  aalt  ([Ij  ) qua  dana  cea  domalnaa  I’Acoulamant  eat  rAgl 
par  lea  Aquatlona  d’Eular  et  que  le  rotatlonnal  da  la  vltease  y eat  conatant. 

Lea  fig.  1 et  2 reprAaentant  I’Acoulamant  dAcrlt  loraque  le  dAcollament  a lieu  reapectlvament 
en  un  point  de  courbure  flnle  et  an  un  point  anguleux.  Sur  la  fig.  3 on  a IndlquA  I’Avolutlon  dea 
dAcollementa  aur  un  profll  d’alle  en  function  da  I’lncldance  i A petite  Incidence  on  a deux  dAcollemehtl'' 
en  dee  polnta  de  courbure  flnle  (fig.  3a).  Loraque  I’lncldance  augmanta  le  dAcollament  d’extradoa  ramonta 
vara  le  bard  d’attaque  tandla  que  calul  d’lntradoa  progreaaa  vera  la  bord  da  fulta  (fig.  3b).  Au-daaaua 
d’una  certalne  Incidence  le  dAcollament  d ’Intradoe  raate  flxA  au  bord  de  fulte  (fig.  3c). 

□Aalgnona  par  t I’ordre  da  grandeur  dea  dlmenalona  du  domalna  da  Navler  StoKea  at  par  u 
I’ordre  de  grandeur  de  la  vltaaae  dana  ca  domalna.  Poaona 

(1)  I B L R'^  , u s UR  . 


□e  cetta  manlAre  la  nombra  de  Raynolda  formA  avac  / at  u eat  Agal  A 1 conformAmant  au  fait 
que  dana  le  domalna  da  Navler  StoKaa  laa  forcaa  J’lnertla  dolvant  ktra  du  mhna  crdra  da  grandeur  qua  laa 
forcea  de  vlacoaltA. 

La  llgne  da  separation  qul  ault  la  dAcollament  na  peut  Atre  atabla  qua  al  la  nombra  de  Raynolda 
local  eat  d’ordre  1,  done  aeulement  aur  dea  dlatancaa  d’ordre  t . A dea  dlatancat  aupArlauraa  catta 
llgne  ae  trouve  dana  dea  domalnaa  da  coucha  llmlta  oG  la  Raynolda  local  eat  grand  (de  I’ordra  da  R ) at 
elle  eat  done  Inatable.  Catta  inatabilitd  eat  A I’orlglna  da  la  naiaaanoa  daa  ttnrbillana  (fig.  4). 

Alnal.  I’Amlaalon  dea  tourblllona  appa-alt  comma  une  proprlAtA  looala  A I’Agard  dea  dlmenalona 
de  1 ’obatacla,  mala  comma  une  proprlAtA  globala  A I’Agard  du  domalna  de  Navler  StoKaa.  Par  conaAquant,  la 
frAquence  et  la  circulation  daa  tourblllona  Amla  na  dApandant  qua  da  i at  da  u , an 

auppoaant  que  i>  n’lntarvlant  paa  dlractamant. 
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La  similitude  donne  UtL,  et  ^ - C^*  . 

u ta 

le  nombre  de  Strouhal,  ou  frequence  rddulte,  d'dmlsslon.  On  obtlent 

4«-  i 

t2)  iS^  wn  W ^ 


O^slgnons  par  «5',  s 


On  dolt  avoir  9^  T domains  de  Navler  Stokes  ns  diborde  pas  des  domalnss  de 

coucbe  limits.  Oe  plus,  on  salt  ([2])  que  Is  Strouhal  en-dsssous  duquel  on  psut  n6gllgsr  la  viscosity 
est  d'ordrs  r3/4  , qq  xA  Z^-1  <4^  . II  en  results  qua  Iss  formules  (2]  et  (3)  sont  valables 

pour 


^ » <f 


On  remarque  que  5,  est  lets  fcnotion  oroiaaant^  da  R et  que,  quells  qua  solt  la  nature  du 
dteollsment,  a toujoura  la  ntma  ordra  da  grandeur. 

Consld6rons  Is  cas  le  plus  frdquant  oO  la  dficollemsnt  ss  prodult  an  un  point  da  courbica  finis. 
On  a fz  Z ([3]  ) < d'oO 

(5)  Sg  R . 

On  rencontre  deux  ddcollements  de  ce  type  sur  un  cyllndra  (fig.  11  ou  sur  un  profll  d'ails  an 
falble  Incidence  (fig.  3a  at  3b). 

Pour  un  dfcollsment  ayant  lieu  en  un  point  anguleux,  par  sxempla  sur  un  culot  (fig.  2), 
I'exposant  q est  6gal  d 3/4  si  on  admet  que  la  couche  limits  au  volslnags  du  point  angulsux  ast 
sanslblement  Inddpendante  de  la  distance  & ce  point  ( [3]  ) . On  obtlent  dans  ce  cas 


II  est  i noter  que  si  la  courbure  locale  y est  telle 
r Y dans  I'lnvsntalre  des  grandeurs  dont  dependent  Ne 
«s,  f (yr^rv  . On  volt  que  lea  cas  envisages 

lure  flnla)  ou  y t » i (point  angulsux)  de  manli 


(courbure  flnle)  ou 
k une  constants. 


e locale  y est  telle  que  y t solt  d'ordrs  1,  11  faut 
urs  dont  dependent  Ne  et  ^ • (In  obtlent  alors 

It  que  lea  cas  envisages  cl-dessus  supposent  y t « i 

(point  anguleuxl  de  manldre  qua  le  fonctlon  se  rfidulse 


3 - AGGLCmRATIOR  DBS  TOURBILLORS.- 

Les  tourblllons  g4n6r6s  k la  suite  d'un  ddcollement  sont  entralnfis  vers  I'aval  an  longeant  les 
domalnes  de  recirculation.  Ils  Indulsent  un  champ  de  vltesse  Instatlonnalre  qul  modlfle  16g6rement 
l'4coulement  permanent  envisage  pricddemment . 

Sch6matlaona  et  supposons  que  les  tourblllons  sont  de  forme  clrculalre  et  qu'lls  se  d4plscent 
en  llgns  drolte  avec  une  vltesse  conatante  V (fig. (5)1. A meaure  qu'lls  progressent,  les  tourblllons 
s'dtendent  et  leur  Intensity  est  de  molns  en  molns  concentrfie  i selon  les  proprl6t6s  de  la  diffusion 
vlsqueuse  leur  rayon  r eat  rall4  au  temps  par  r . On  peut  6crlre 


± J7Z 

b I V 


est  I'absclsse  k partlr  du  lieu  d'fimlsslon  et 


une  constante.  Le  rapport 


represents 


l'6palsssur  de  la  zone  de  melange  t 11  est  analogue  k une  epalsaeur  de  couche  limits  et  11  dolt  6tre  petit 


V ^ H 1/ 


la  constants  k est  en  general  d'ordrs  1.  On  obtlent  la  condition 

O)  ^ ^ i » / . 
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La  distance  qul  s6pare  deux  tourblllons  successlfs  est  v/n,  I c’est  une  constente  tandls  que 
r augmente  an  fonctlon  da  oc  .11  en  r6sulte  qu’S  partir  d'une  abaclsse  JC^  d6flnle  par 

las  tourblllons  vont  anpi4t«r  I'un  sur  I'autre.  La  solution  da  cette  Equation  est  2l 

O’aprds  (9)  la  prender  terme  du  second  membra  ast  preponderant  ce  qul  est  conforme  h (2)  at  (4).  On 
obtlant  done 


(11) 

solt,  d'aprds  (2). 


^ ^ £ll  ^ 

L 4 


(12) 


On  v6rlfls  que  et  aont  du  mfima  ordre  de  grandeur  et  qua  VU  est  grand 

i / et  petit  i I'egard  de  X/ 


l*egard  de 

Pour  un  d6col lament  en  un  point  de  courbure  flnle  ( q • -^  ) on  a ^,/L  ~ K 
qu'an  un  point  anguleux^^s  S/4)  *'/£  Independant  de  R . ^ 


«» 


tandls 


L'empietement  marque  la  d6but  de  V agglcmlration  de  deux  tourblllons  successlfs.  Cette  fusion 
donne  nalssanca  i de  nouvelles  structures  tourblllonnalras  plus  6tendues,  mals  de  frequence  deux  fols 
molndra.  II  s'aglt  d’un  phenomena  qul  a ete  observe  au  oours  d’experlences  i Reynolds  modere  ( [4)j 
•t  qul  a ete  confirme  r6cenment  au  cours  d’une  simulation  numerlque  ( [s]  ) . II  reqolt  Icl  une 

explication  schematlque  simple. 


II  eat  4 noter  que,  contralrement  4 I'emlssion  des  tourblllons,  I'agglomi. ration  depend 
dlrectement  de  if  car  e'est  une  consequence  de  la  diffusion  vlsqueuse. 


Le  processus  d 'agglomeration  etudie  cl-dessus  va  recommencer  avec  las  nouvelles  structures 
tourblllonnalras  formeas.  On  volt  qu’ll  y aura  une  euaaeeeion  d'agglomiratiane. 


oeslgnons  par  X„  1 'abscissa  4 laquelle  commence  la  rx*  agglomeration,  par  la 

longueur  necessalre  4 la  ft*  agglomeration,  par  la  frequence  4 1 'Issue  de  la  n*  agglomeration 
at  par  Strouhal  correspondant . Supposons  que  las  structures  tourblllonnalras  obtenues  4 

1'la.sue  d'une  agglomeration  ont  des  dimensions  volslnes  de  celles  au  debut  de  1’ agglomeration.  Pour 
obtenlr  la  relation  correspondant  4 la  n*  agglomeration  11  sufflt  de  remplacer  dons  (10)  X,  par 

n-4 

Xfl  - ^ Ng  par  • On  obtlent,  4 la  place  de  (11), 


x„  - ^ M ^ 

L ~ ^ 

Corrma  d chaqua  aggicamdration  deux  tourblllons  sont  rernplacds  par  un 

Da  plus*  on  peut  nAgllgar  ^ ^ I'figard  de  • et  cela  d'autant  plus 

grand.  On  obtlent  done  t 


saul  on 

Idgltimefnent  que  n est 


(13) 


X 

ft 


4 


On  constate  que  dlmlnua  tr4s  rapldement  en  fonctlon  du  nombre  d 'agglomerations  et  que 

augment.  tr4s  rapldement.  Autramant  dlt  proaeeaue  d'agglomSration  ae  ralentit  conslderablament  4 
mesure  qua  I'on  avanca  vers  I'aval.  II  an  result.,  en  partlculler,  que  si  on  ne  peut  observer  les 
tourblllons  que  sur  un  donalna  pau  etandu  et  sufflsamment  eiolgne  de  I’emlssion,  on  va  mesurer  une 
frequence  4 peu  prds  constants  at  tr6s  petite  devant  . 

En  un  point  d6flnl  par  X m le  nombre  d 'agglomerations  subles  par  les  tourblllons  est  6gal 

4 I’sntlar  lmm4dlatoment  lnf6rleur  4 la  solution  de  I'equatlon  • Pour  ^ p grand  on 

^3  * 

volt,  conpta  tanu  de  (12),  que  n eat  fonctlon  decrolssante  de  R . 

Pour  q le  nombre  d 'agglomerations  eat  Independent  de  R . 

II  peut  etre  commode  da  rspresenter  las  agglomerations  succssslves  par  une  courbe  continue 
(^ll-  7).  SI  on  ramplace  R par  ^ f)  11  respite  de  (12)  et  (13)  quo  S,  et  S,^  sont  multiplies  par 
et  X,  et  X^  par  . Lo  Strouhal  S correspondent  4 une  longueur  donne. 

Lg  est  ramplace  par  une  valeur  qul  est  superlsure  ou  lnferlsurs°4  S-  sulvant  que  y9  est  superleur 
ou  Inferleur  4 1 (fig.  8). 

L'ensambla  das  resultats  obtanus  cl-dasaua  fournlt  un  schema  da  la  formation  et  da  Vioolution 
initiala  d*una  sona  da  mtlanga. 
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4 - FORMATION  D'ALLEES  ALTERNEES.- 

Les  deux  dScolleitients  que  I'on  rencontre  g6n6ralement  sur  un  obstacle  donnent  naissance  8 deux 
files  de  tourblllons  dont  lea  circulations  sont  de  signes  opposes.  Conune  selon  (3)  les  valours  absolues 
de  ces  circulations  sont  du  m&me  ordre  de  grandeur,  aucune  des  deux  files  ne  peut  prendre  le  dessus  sur 
1 'autre.  L’ensemble  de  ces  circonstances  fait  que  les  tourblllons  des  deux  files  peuvent  e'imbriquer  de 
manidre  8 former  une  all6e  alternde  qui  subslate  loin  dans  le  slllage.  La  raison  de  cette  long6vlt6  peut 
Stre  JustlflSe  physlquanent  on  falaant  I’hypothfese  que  les  cellules  tourbillonnalres  qui  constituent 
I’allde  altern6e  se  propagent  toutes  avec  la  m6me  vltesse  W et  en  se  plaqant  dans  le  rep6re  anlm6  de 
cette  Vitesse  ; 11  est  clair  qu’S  la  frontl^re  de  deux  cellules  adjacentes  du  schema  de  prlnclpe  de  la 
figure  9 les  vltessas  Indultea  par  ces  cellules  sont  de  mCme  sens,  de  sorte  qu’il  n'y  a pas  tendance  8 
la  destruction. 

L'dtude  thiorlque  des  allies  alterndea  a 6t6  falte  en  flulde  non  vlsqueux  en  supposant  que 
I'allde  est  formde  de  deux  files  paralldles  de  tourblllons  ponctuels.  II  a 6t6  montr6  qu'll  n'exlste 
qu'une  seule  disposition  possible  des  tourblllons,  mals  la  configuration  alnsl  obtenue  eat  instable 

( [e] ) , En  fait,  si  on  suppose  que  les  tourblllons  ne  sont  pas  ponotuels,  I’allde  altern6e  peut  6tre  stable 

C l7] ) . Par  allleurs,  en  tenant  compte  de  la  viscosltd,  il  a 6t6  6tabll  que  l’all6e  altern6e  est 
constitute  de  files  de  tourblllons  dont  I'tcartement  augments  t mesure  que  I'on  progresse  vers  I'aval 

cle] ) . 


□tslgnons  par  N.  la  frequence  des  structures  tourbillonnalres  de  I'allte  alternte.  Tous  les 
rtsultats  connus  Indiquent  que  le  nombre  de  Strouhal  = NaL/y  est  d'ordre  1 et  varle  peu  en 

fonctlon  de  R . Solt  Lq  la  longueur  d'un  domalne  de  recirculation  et  S le  Strouhal  correspondant 
sur  la  courbe  qui  reprtsente  le  phtnomtne  d 'agglontratlons  succeaalves  (fig.  8).  A Reynolds  tlevt 
est  grand  A I'tgard  de  i et  Sg  est  inftrleur  d S de  sorte  que  pour  former  une  allte  alternte  les 
tourblllons  dolvent  sublr  une  nouvelle  agglomtratlon.  Celle-cl  est  due  d I'interactlon  entre  les 
tourblllons  des  deux  files  qui  a pour  constquence  une  deformation  et  une  fusion  des  tourblllons  d'uns 
mtme  file.  On  asslste  h un  enroulement  de  ces  tourblllons  les  uns  sur  les  autres  pour  donner  naissance 
h des  structures  plus  ttendues. 

Ce  phtnomtne  qui  ne  fait  pas  Intervenlr  la  vlscosltt  a ttt  remarqut  tgalement  au  cours  d'un 
calcul  numtrlque  ((?]  ) . II  faut  le  distlnguer  de  1 'agglomeration  des  tourblllons  d'une  file  Isoiee 
qui  est,  comme  on  I'a  vu,  le  resultat  de  la  diffusion  vlsqueuse. 

La  nouvelle  agglomeration  decrlte  cl-dessus  necessite  une  durAe  de  relaxation  qui  est  d'autant 
plua  longue  que  Sq  est  eiolgne  de  S.  , done  que  R eat  grand  pulsque  Sq  est  une  fonctlon  crolssante 
de  R . Alnsl,  A Reynolds  modere  I'allle  alternee  se  forme  Imredlatement,  dSs  I'extremlte  des  domalnes 
de  recirculation.  Par  contra,  si  R eat  tr6s  grand  Sg  est  tres  petit  devant  Sg  et  1 'agglomeration 
exlge  une  duree  longue,  done  un  parcours  important  : dans  ce  cas  I'aliee  alternee  se  forme  loin  de 
1' obstacle. 

Le  resultat  precedent  expllque  pourquol  en  pratique  on  observe  des  aliees  alternees  seulement 
pour  des  valeurs  de  R relatlvement  moderees.  En  effet,  A trAs  grand  Reynolds  I'aliee  apparalt  loin  en 
aval,  en  general  en  dehors  du  champ  d 'observation  i de  plus,  les  structures  qui  la  composent  sont  de 
falble  Intenslte  A cause  de  la  destruction  suble  depuls  la  rencontre  des  deux  files. 

Par  allleurs,  si  on  essaye  de  determiner  la  frequenoe  Ng  A I'alde  d'un  apparell  (par  example 
un  fll  chaud)  qui  est  place  trop  prAs  de  1 'obstacle,  on  commet  une  erreur  Importante  car  on  mesure  des 
frequences  de  tourblllons  dont  I'agglomeratlon  n'est  pas  achevee  et  qui  sont  done  superleures  A Ng  , 

C'est  vraisemblablement  la  cause  des  valeurs  de  Sg  anormalement  eievAes  obtenues  par  Delany  et  Sorensen 
en  ce  qui  concerne  un  cylindre  en  Acoulement^A  grand  Reynolds  ( [9] ) 

Lorsqu'on  considAre  un  Acoulement  symAtrlque  les  valeurs  de  L relatives  aux  deux  dAcollements 
sont  Agales  (fig.  6).  Supposons  malntenant  que  les  deux  dAcollements  sont  de  mAme  nature  mals  que  la 
longueur  Lg  correspondant  A I'axtrados  eat  supArleure  A celle  L'g  de  I'intrados  (fig.  10).  On  a dans 
ce  cas  S'o  > Sg  , done  I'apparltion  de  I'allAe  alternAe  eat  rAgie  par  Is  dAcollement  d'lntrados. 

Lorsqus  les  deux  dAcollements  sont  de  nature  dlffArente  (fig.  11)  le  Strouhal  d 'emission 
d'lntrados  S'g  est  supArleur  A celul  d'extrados  Sg  A grand  Reynolds  car  I'exposant  q'  qui  lul 
correspond  est  supArleur  A^  . II  en  results  que  I'on  a encore  S'g  > Sg  . Flnalement,  on  volt  que  dans 

3 

tous  les  cas  c'est  le  dAcollement  d'lntrados  qui  rAgls  la  distance  A laquelle  se  forme  I'allAe 

alternAe. 


On  peut  retrouver  les  rAsultats  prAcAdenta  en  Introdulsant  un  temps  global  de  relaxation  T 
nAcessalre  au  passage  de  la  frequence  d 'Amission  Ng  A la  frequence  Ng  . Pulsqu'on  a affaire  A des 
structures  tourbillonnalres  de  grands  Achelle  T ne  dApend  pas  dlrectement  de  , mals  seulement  de 
L,  (/  , Ns  et  N .11  est  ralsonnable  d'admettre  que  T n'est  pas  fonctlon  de  Ng  at  Ng  sAparAment, 
mals  de  leur  difference  pulsque  pour  Ng  • Ng  T seralt  nul. 

La  similitude  permet  d'Acrlre 


la  fonction 


6tant  crolssante  car  physlquement  11  est  Evident  que  T augnnente  avec  Ng 


La  longueur  parcourue  pendant  la  dur6e  T eat  da  I'ordre  de  VT  • kl/T.  L’allfie  alternde  se 
forme  Imm&llatement  en  aval  dea  domalnea  de  recirculation  al  on  a Kl/T  4 Lq  < aolt 


pour  chacune  dea  deux  fllea  de  tourblllona. 


Lq 

Comme  eat  aenalblement  conatant  et  comme  Jff  eat  une  function  crolaaante  11  vlent 
^e  ■ Sg  ^ Cts  ce  qul  ae  tradult  d'aprSa  (2)  par  R 4:  C^®  . SI  R eat  trfia  grand  cette  condition 
n'eat  paa  vSrlflSe  et  I'allSe  alternSe  ae  forme  loin  en  aval<  S une  dlatance  qul  augmente  avec  R . On 
retrouve  alnal  lea  conclualona  obtenuea  prScSdemment,  mala  sans  avoir  d6crlt  I'fivolutlon  dea  fllea  de 
tourblllona  et  lea  mScanlamea  de  1 'agglomeration, 

5 - TOURBILLOSS  EN  ECOULEMENT  SUPERCRITIQUE. - 

Juaqu’e  prfiaent  noua  avona  oonaldSre  un  flulde  Inoompreaalble,  mala  la  compreaalbllltfi  ne  peut 
apporter  rlen  de  fondamentalement  nouveau  en  ce  qul  concerne  lea  phenomenea  etudiea  cl-deaaua.  En  effet, 
la  compreaalblllte  a peu  d'lnfluence  aur  I'Smlaalon  dea  tourblllona  qul  ae  fait  tr6a  prSa  de  la  parol,  IS 
oO  la  vlteaae  eat  toujours  petite.  Oe  m6me,  la  compreaalblllte  ne  peut  paa  modifier  de  manlfere  aenalble 
la  progreaalon  et  1' agglomeration  dea  tourblllona.  Par  conaequent  lea  reaultata  obtenua  a’etendent,  au 
molna  qualltatlvement,  aux  ecoulementa  e grande  vlteaae. 

Cependant,  en  ecoulement  aupercrltlque  de  nouveaux  phenomenea  prennent  nalaaance  i cauae  de 
la  preaence  d’ondea. 

L’exlatence  du  champ  de  vlteaae  Inatatlonnalre  prodult  par  lea  tourblllona  noua  amene  S 
Introdulre  la  notion  d'ecoulement  euperaritique  par  intermittenaea  : 11  a’aglt  d’un  ecoulement  au  aeln 
duquel  dee  domalnea  auperaonlquea  apparaleaent  aeulement  de  maniere  fugitive. 

Par  centre,  1 'ecoulement  eat  atrictement  ai/peraritique  al  la  vlteaae  eat  auperaonlque  4 tout 
Inatant  dana  un  domalne.  Dana  de  tela  ecoulementa  11  y a en  permanence  dea  ondea  de  choc  et  11  faut 
a'attendre  S une  Interaction  entre  cea  ondea  et  lea  tourblllona  creea  aux  decollementa  qul  aont  altuea 
generalement  en  amont  dea  ondea  de  choc.  C'eat  le  caa  de  I'lnteractlon  entre  une  onde  de  choc  et  une 
couche  llmlte  qul  provoque  un  decollement  en  amont  du  pled  du  choc  (fig.  12].  C'eat  Sgalement  le  caa 
pour  un  obatacle  6pala  ou  pour  un  profll  d'alle  en  grande  Incidence  loraque  dea  pochea  auperaonlquea 
exlatent  au  contact  dea  domalnea  de  recirculation,  IS  oCi  le  flulde  aublt  une  dfitente  Intenae  (fig.  13). 

Oana  lea  Scoulementa  prficSdenta  lea  ondea  de  choc  aont  fortement  perturbSea  par  le  paaaage 
p6rlodique  dea  tourblllona  de  aorte  qu'ellea  vlbrent  autour  d'une  poaltlon  moyenne.  De  plua,  & la 
traveraSe  d'un  choc  lea  tourblllona  fimettent  dea  ondea  acouatlquea  ([lO]  ) P^l  vont  noua  aervlr  i 
verifier  expSrlmentalement  une  thSorle  aelon  laquella  dea  perturbatlona  crSSea  en  aval,  dana  le  alllage, 
peuvent  Influencer  la  poche  auperaonlque  {[IIJ  ),  (1^12]  ) . 

6 - VISUALISATIONS  ULTRA-RAPIDES. - 

L'approche  expfirlmentale  de  baae  pour  I'Stude  phfinomSnologlque  d'ficoulementa  Inatatlonnalrea 
eat  la  vlauallaatlon. 

Lea  vlauallaatlona  faltea  i I'alde  de  produlta  Strangera  aont  dlfflcllea  i grande  vlteaae.  Ou 
reate,  1 'obaervatlon  du  mouvement  de  partlculea  fitrangSrea  peut  fournlr  une  Image  dfiformfie,  et  m6me 
Inexacte,  du  ph6nom6ne  6tudl6  : en  effet,  d cauae  dea  effete  d'lnertle,  cea  partlculea  ne  peuvent  paa 
toujoura  aulvre  lea  mouvementa  S grand  gradient  de  vlteaae  1 cela  eat  vral  en  partlculler  pour  1 'agitation 
turbulente  d6s  que  lea  fr^quencea  devlennent  61ev6ee, 

Lee  m^thodea  de  vlauallaatlon  fonddea  aur  la  variation  de  I'lndlce  de  refraction  de  I'alr  ne 
preaentent  paa  1' Inconvenient  precedent.  En  revanche,  ellea  ne  permettent  paa  de  aulvre  le  mouvement  dee 
partlculea  fluldee.  De  plua,  1 'Introduction  de  la  compreaelblllte  peut  aembler  apporter  une  complication 
auppiementalre  i en  fait,  comme  noua  I'avone  vu  la  compreaalblllte  ne  modlfle  paa  I'aepect  qualltatlf  dee 
phenomenea,  du  molna  tant  que  la  vlteaae  aonlque  n'eat  paa  attelnte. 

Pour  vleualleer  un  ph6namene  & un  Inatant  11  faut  que  la  duree  d' obaervatlon  Z aolt  tr63 
petite  i I'egard  d'une  duree  caracterlatlque  du  phenomene.  Pour  lee  etructurea  tourblllonnalree  qul  aont 
e I'echelle  de  1 'obatacle  11  faut  avoir  T « . Avec  L 10"^m  et  t/  -v  10^m/a  11  vlent 

r « lO'^a.  Jn  peut  aatlafalre  i cette  condition  en  utlllaant  dea  aourcea  lumlneuaea  Intermlttentea, 
dltea  aourcea-edalra,  dont  la  duree  peut  etre  Inferleure  i lO'^a.  II  eat  A noter  que  I'ordre  de  grandeur 
de  r Interdlt  I'utlllaatlon  de  cameraa  ultra-rapldea  claealquea. 

Pour  reatltuer  1 'evolution  d'un  phenomena  en  fonction  du  tempa  11  faut  dlauusc*-  d'une  eulte 
d'imagee  aepareea  par  dee  Intarvallea  de  temps  connua.  On  peut  attalndre  ce  but  en  utlllaant  une  batterie 
da  aourcea-edalra  at  an  rendant  reglabla  I'lntervalla  aeparant  deux  edalra  aucceaalfa. 
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Les  experiences  prdsentees  Icl  ont  et6  faltes  dans  la  soufflerle  transsonlque  de  I'lnstitut  de 
Mecanlque  des  Fluldes  de  Lille  (I.M.F.L.l.  II  s'aglt  d'une  soufflerle  8 fonctlonnement  contlnu  et  du 
type  8 retour.  Une  partle  de  I’alr  utilise  est  reinp  laces  per  de  I'alr  frals  pulse  dans  I'atmosphere  i 
celul-cl  traverse  un  desslcateur  avant  d’etre  Introdult  dans  Is  circuit  aerodynamlque.  Cs  dlsposltlf 
pernst  d'evlter  la  condensation  et  de  stabiliser  la  temperature  de  I'alr  dans  la  soufflerle.  La  veins 
d 'experiences  eat  de  section  42  x 2QQ  mm^  (fig.  14]  i see  parols  laterales  sont  equlpees  de  hublots  de 
quallte  Interferometrlqus.  Les  deux  autres  parols  sont  formees  de  grilles  Incllnables  8 fentes 
longltudlnales.  Oes  contrs-grllles  d6formables  permettent  de  regler  la  permeablllte.  Pour  stabiliser 
I'ecoulement  un  col  sonlque  est  etabll  8 I’alds  de  deux  volets  disposes  8 la  sortie  de  la  veins 
d 'experiences. 

Les  visualisations  ont  ete  faltes  essential lement  8 I’alde  d'un  dlsposltlf  conqu  par  I’lnstitut 
Franco-Allsmand  de  Recherches  de  Saint  Louis  (I.S.L.  ] et  comportant  24  sources-edalra  et  24  objectlfs 
photographlquea  ([13])  La  duree  de  cheque  eclair  est  d'envlron  5 IO'°s.  L’lntervalle  sntre  deux 
eclairs  successlfs  est  reglable  de  manldre  continue  depuls  une  seconds  Jusqu’d  10~^s.  L'apparell  psut 
fonctlonnsr  en  ombroscople  et  egalement  en  strloscople  par  adjonctlon  d'une  plaque  equlpee  de  24  couteaux 
strloscoplques  reglables. 

Un  autre  apparsll,  constrult  8 I’l.M.F.L.,  comportant  une  source  8 fonctlonnement  contlnu  a 
permls  des  observations  compiementalrss  i les  cliches  prls  avec  des  temps  de  pose  de  I’ordre  de  1 de 
seconds  donnent  des  Informations  sur  I’ecoulement  moyen.  400 


? - RESULTATS  EXPERIMERTAUX  D'ERSEMBLE.- 

Oe  nombreuses  experiences  ont  ete  faltes  avec  divers  modeies  ; cyllndrss,  plaques,  obstacle 
8 culot,  proflls  d’alle  8 pic  de  vltesse,  etc  ...  8 Mach  comprls  sntre  ,3  et  .9  et  8 Reynolds  R forme 
avec  1 'obstruction  comprls  entre  .8  10^  et  3.2  10^. 

-2  2 

Les  dimensions  L des  obstacles  sont  d'ordre  10  m et  la  vltesse  1/  d'ordre  10  m/s.  On  salt 

que  I'ordre  de  grandeur  des  perlodss  en-dessous  desquelles  la  vlscoslte  est  8 prendre  en  compte  est 

) . Cette  quantlte  est  tres  Inferleure  8 la  duree  T des  eclairs,  de  sorts  que  les 

visualisations  faltes  ns  permettent  pas  d’acceder  aux  6chelles  du  mouvement  turbulent  oO  s'sffectue  la 
dissipation  i elles  ne  permettent  oe  rsndre  compte  que  de  1 'evolution  des  grosses  structures 
tourbll lonnalres . 

Avec  les  donnees  precedentes  les  dimensions  / des  domalnes  de  Navler  StoKes  sont  d'ordre 
10  m ce  qul  rend  Impossible  I’obssrvatlon  du  mouvement  dans  ces  domalnes.  Du  rests,  la  condition 
r«  //ii  n’est  pas  satlsfalte  avec  1' apparel llage  utilise.  Alnsl,  11  est  Impossible  d 'observer  nl 
I'emlsslon  des  tourblllons,  nl  le  debut  de  Isur  agglomeration. 

Lea  visualisations  faltes  ont  permls  d'evaluer  dans  certains  cas  la  frequence  des  tourblllons 
qul  longent  les  domalnes  de  recirculation.  On  a trouve  que  cette  frequence  dlmlnue  lorsqu'on  progresse 

vers  I’aval  et  qu’elle  est  nettement  superlsure  8 cells  de  l’sll6e  altsrnee  ce  qul  prouvs  I'exlstsnce 

des  deux  types  d'sgglom6ratlons.  La  vltesse  de  propagation  V est  volslne  de  la  vltesse  au  loin  1/ 

Sur  certains  cliches  de  visualisation  on  remarque  qu'8  la  nalssance  de  I'aliee  alternee  les 
grosses  structures  sont  encore  constltuees  d'agglomerats  de  tourblllons  en  train  de  fuslonner,  puls, 
apres  un  certain  parcours,  les  memes  structures  tendent  8 apparaltre  comme  formees  de  tourblllons 
uniques  (fig.  IS,  2S,  29). 

La  vltesse  de  propagation  W des  structures  de  l'all6s  altsrn6e  est  difficile  8 evaluer  car, 

8 cause  de  I’exlgufte  du  champ  d 'observation,  I'aliee  alternee  n'est  visible  que  sur  une  courte  distance, 
Justa  apres  sa  formation.  La  determination  de  I'ordre  de  grandeur  de  W a ete  falte  8 partlr  des  cliches 
strloscoplques  car  les  noyaux  tourblllonnalres  y apparalssent  olus  nettement  (fig.  16,  20,  28,  29).  On 
constate  que  W augmente  et  se  rapproche  de  1/  8 mesure  que  I'on  s'eiolgne  vers  I’aval,  c'est-8-dlre 

8 mesure  que  I’aliee  s’eiarglt. 

2 3 

Longtemps  11  a ete  admls  qu'au-dessus  d'une  valeur  de  R de  I’ordre  de  10  8 10  I'aliee 

alternee  etalt  remplacee  par  un  slllage  Irreguller  conservant  un  caractere  perlodlque,  puls  qu'8  partlr 
de  103  environ  la  structure  ordonnee  dlsparalssalt  pour  falre  place  8 un  regime  avec  des  tourblllons 
aieatolrss.  La  tendance  actuelle,  fondes  sur  divers  resultats  experlmentaux  recents  est  d'admettre  que 
les  ecoulements  turbulents  ne  sont  pas  aussl  desordonnes  qu'on  le  pensalt,  male  qu’lls  possedent  des 
proprietes  d'ordre  et  de  perlodlclte,  du  molns  statlstlquement  ([14])  , ([iS])  . Nos  resultats  sont 

conformes  8 cs  point  de  vus  pulsque  nous  avons  observe  des  aliees  alternees  Jusqu'8  R :e  3 10^  , non 
seulonent  en  ecoulement  subsonlqus,  mals  egalement  en  ecouleme.it  supercrltlque. 

II  peut  paraltre  surprenant  que  les  deux  files  de  tourblllons  alent  toujours  tendance  8 former 
une  aliee  alternee  car  cela  las  oblige, comme  nous  I'avons  vu,8  une  brutale  adaptation  des  frequences.  La 
raison  profonde  est  probablement  que  la  configuration  de  I'aliee  alternee  assure  un  minimum  de  dissipation 
d'energle  dans  le  slllage. 
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Las  valaurs  da  dddultas  da  nos  experiences  sont  donneas  sur  la  figure  15  pour  la  cyllndra, 
sur  la  figure  16  pour  la  plaque  normale  au  vent  et  sur  la  figure  17  pour  divers  autres  obstacles.  Nos 
r6sultats  sont  volslns  de  ceux  obtenus  sn  flG^  pour  une  plaque  plane  sans  Incidence.  On  note  qua  la 
dependence  de  i I’egard  de  R et  de  M est  falble  surtout  pour  le  cylindre  et  le  culot  i ells  eat 

plus  Importante  pour  la  plaque  at  le  profll  ONERA  0. 

Recemment  dlverses  tentatlves  ont  ete  faltes  pour  calculsr  I’ecoulement  Instatlonnalra  autour 
d'un  obstacle  pr6santant  des  d6collement8  an  des  points  connus  4 priori  ((16)  ),((17))  . Le  calcul 

suppose  le  fluids  non  visqueux  et  11  est  fait  sn  Injectant  des  tourblllons  dlscrets  aux  points  da 
d6collsment.  Nous  avons  voulu  confronter  ce  type  de  calcul  avec  1 ’ experience . Le  cas  cholsl  est  celui 
d'une  plaque  4 I'lncidence  SO*  ( [l6]  ) . Le  calcul  donne  S.  • .154  at  1 'analyse  des  visualisations 

.141  4 .158  pour  R at  lo'  et  M ai  .6  C (l9)  ) . Do  plus,  la  position  des  structures  tourblllonnalrss 

est  volslne  de  celle  Indlquee  par  le  calcul. 

Au  cours  des  depoull laments  on  a constate  une  certains  irr6gularit6  dans  l'6mlaslon  des 
tourblllons.  Elle  est  due  au  ocuplage  entre  le  decollsment  et  I'aliee  alternes.  Le  champ  de  vltssse 
Instatlonnalra  Indult  par  les  tourblllons  provoque  un  battement  perlodlque  de  la  llgne  de  separation 
qul  suit  le  decollement  et  un  deplacement  perlodlque  du  decollement  lorsque  celul-cl  se  prodult  en  un 
point  de  courbure  flnie.  Les  visualisations  ultra-rapldes  mettent  blen  en  evidence  I'oBoillation  des 
domalnes  de  recirculation.  Elies  permettent  d'6tabllr  que  la  periods  de  ces  fluctuations  est  egale  4 
celle  de  I'aliee  alternee  et  que  css  fluctuations  sont  d'autant  plus  Intenses  que  M est  grand.  Le 
phenanSne  eat  partlculierement  net  sur  les  figures  20.  23,  24,  28  et  29. 

Jusqu’4  present  nous  avons  consldere  le  cas  le  plus  frequent  oD  I'ecoulsment  autour  d'un 
obstacle  pr6sente  deux  decollements,  rials,  dans  certalnss  clrconstances,  le  ncmbre  de  decollements  paut 
etre  plus  eieve.  Par  example,  sur  un  profll  d'alle  lea  deux  decollements  qul  se  produlsent  au  volslnags 
du  bord  de  fulte  peuvsnt  se  combiner  avec  une  bulls  de  decollement.  Celle-cl  peut  se  former  aolt  pares 
que  le  profll  est  4 pic  de  vltesse,  solt  pares  qu'll  est  fortement  cambre.  On  a constate  que  quand  11 
exists  une  trolsieme  emission  de  tourblllons,  I'apparltion  de  I'aliee  alternee  est  retardee  4 cause  de 
I'lnteractlon  entre  lea  deux  files  de  tourblllons  emlses  du  m6me  ebte  de  I'obstacle.  Solt  S'  le  nombre 
de  Strouhal  correspondent  sur  la  figure  7 4 la  distance  qul  separs  les  deux  decollements  qul  se  produlsent 
du  mbme  efite.  Lea  tourblllons  emls  au  decollement  le  plus  proche  du  bord  d'attaque  ont  un  Strouhal  egal 
4 S'  lorsqu'lls  arrlvent  au  niveau  du  second  decollement  oD  11s  rencontrent  des  tourblllons  4 Strouhal 
volsln  de  celui  d'emlsslon.  Dans  css  conditions  11  est  evident  que  le  melange  des  deux  files  de 
tourblllons  est  chaotlque  i 11  en  reaulte  que  le  slllage  paralt  d'abord  desordonn6  et  que  I'aliee  alternee 
se  forme  beaucoup  plus  loin  que  dans  le  cas  oO  11  n'y  a qu'un  seul  decollement  de  part  et  d'autre  de 
I'obstacle. 

Dans  ce  qul  suit  nous  decrlvons  en  detail  certalnes  experiences.  En  ce  qul  concerns  le  cholx 
des  cliches  de  visualisation  presentes  nous  avons  ete  guides  par  la  volonte  d'lllustrer  tous  les 
phenomenes  observes.  Pour  mettre  en  evidence  les  aliees  alternees  nous  avons  represente  des  sequences 
photographlques  sur  un  Intervalle  de  tamps  d'environ  une  pbrlode  (fig.  16,  21,  30)  ou  une  deml  - periods 
(fig.  24,  28,  29).  L'osclllatlon  laterals  du  slllage  est  lllustree  par  les  photographies  des  figures  20, 
23,  24,  28  et  29.  La  propagation  des  ondes  Instatlonnalres  apparalt  sur  les  figures  23,  24,  28,  29,  30, 

31  et  32.  Les  photographies  des  figures  26  et  27  Indlquent  I'evolutlon  des  domalnes  de  recirculation, 
celles  de  la  figure  32  se  rapportent  4 I'lnteractlon  de  trols  decollements  et  celles  de  la  figure  33  4 
I'ecoulement  dans  une  prise  d'air. 


0 - EXPERIENCES  EN  ECOVLEMENT  SUBSONIQUE.- 

Nous  nous  sommes  sfforces  d'sffsctuer  des  experiences  4 hach  aussl  petit  que  possible  de 
maniere  4 se  rapprocher  de  I'ecoulsment  Incompressible,  mals  nous  avons  constate  qu 'en-deasous  da 
h s .3  la  quallte  des  strloscoples  etalt  Insufflaante. 


Quelques  exemples  de  visualisations  en  ecoulement  subsonlque  sont  donnea  sur  les  figures  18  4 22, 

Oe  nombreuses  experiences  ont  ete  faltes  avec  des  cyllndres  4 M • ,3  et  R de  I'ordre  de  10^ 
ce  qul  correspond  4 des  decollements  laminalres.  Deux  cyllndres  ont  6te  utilises  de  dlametres  L • 12,5  mm 
et  24  mm.  La  fig.  18  donne  une  visualisation  strloacoplqus  pour  le  petit  cylindre. 


En  ce  qul  concerns  les  tourblllons  qul  longent  les  domalnes  de  recirculation,  das  depoull laments 
ont  ete  falts  pour  11  « ,4  4 partlr  des  esaals  avec  Is  petit  cylindre  (fig,  19).  On  constate  entre  les 

dlfferentes  valeurs  relsvess  une  certalne  dispersion  qul  provlent  de  I'lmpreclslon  dans  le  decompte  et 
le  reperage  des  tourblllons  et  egalement  de  I'lrregularlte  de  I'emlsslon  qul  a d6J4  ete  mantlonnee.  On 
volt  d'abord  que  la  vltssse  V eat  volslne  de  t/  , O'autrs  part,  le  nombre  de  Strouhal  S est 
notablement  plus  grand  que  S.  et  11  dimlnus  lorsqu'on  progrssse  vers  I'aval.  Coirm  les  mesures  sont 
faltes  loin  de  1 'emission  catts  diminution  est  assez  lente  car  on  se  trouvs  sur  une  portion  aplatle  de 
la  courbe  de  la  figure  7. 


On 


Une  evaluation  de  la  vltesse  de  propagation 
a obtenu 


W 

V ~ 


X 

pour  -j-  — 


* W ^ 


::  , 7 pour 


W a ete  falta  dans  I'experlanca  da  la  figure  18. 

- 
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Oes  axp6rlanc«a  analoguaa  aux  pr^ctdantas  ont  6tfi  faltas  avec  daux  plaquea  de  longueur  L • 12  mm 
at  24  mm,  normalas  au  vant,  dgalamant  pour  M 3 .3,  at  avac  un  obstacle  8 culot  pour  M ~ .4  at  .6.  Sur 
la  figure  20  I’amplltuda  da  la  fluctuation  das  llgnas  de  Jet  du  culot  ast  de  I'ordre  de  S*  vers  I'lntfirleur 
das  domalnes  da  recirculation  at  da  1*  vers  I'axtArlaur, 

Las  figures  21  at  22  concernant  le  profll  ONERA  0.  La  figure  21  reprdsente  l'8coulement  autour 
d'una  maquetta  da  corda  c ■ BO  mm  8 M x .6  at  «<  ■ 20*.  En  plus  des  ombroscoples  par  train  d'Bclalrs 
at  d'una  strloscople  de  I'Bcoulament  moyan.  on  a lndlqu6  les  llmltes  approxlmatlves  des  domalnes  de 
recirculation  qul  ont  BtB  dfitarmlnAas  par  visualisation  parlBtale  8 I'alde  d’un  endult  p8teux  at  par 
exploration  au  fll  de  lalne  dans  la  plan  m6dian  de  la  veina.  Un  ddpoulllemant  fait  pour  les  tourblllons 
d'extrados,  au  droit  du  bord  de  fulta,  donna  V s 150  m/s  et  N antra  6.000  at  10.000  Hz,  solt  S 
antra  1.2  at  1.8.  Pour  lea  tourblllons  d'lntrados  on  obtlent  N 3 1.800  Hz,  d'oO  Ss  .27,  8 environ  un 
quart  da  corda  du  bord  de  fulta. 

La  figure  22  lllustre  l'6volutlon  du  slllage  du  profll  ONERA  0 en  fonctlon  de  I'lncldence  8 
H3  .6.  La  maquetta  utlllsBe  ast  plus  petite  Ccorde  24  mm)  ce  qul  permet  d'observer  une  plus  grande 
partle  du  slllage  (sur  lea  cliches  la  maquetta  est  cach6e  par  le  talon  de  fixation),  Coirme  11  s'aglt  d'un 
profll  8 pic  de  vltesse,  11  exlsta,  dans  un  Intervalle  de  valaurs  da  a(  , une  bulle  de  d6collement  8 
I'extrados.  A falble  Indlcence  (fig,  22a)  on  a une  bulle  courte,  sans  effet  notable  sur  le  slllage  qul 
ast  altern6  d8s  la  volslnage  du  bord  de  fulte.  A Incidence  plus  61ev6e  (fig.  22b)  la  bulle  est  plus 
Btendue  et  les  tourblllons  qul  s'y  d6veloppent  aont  encore  Intanses  en  parvenant  au  bord  de  fulte  t sous 
Isur  Influence  le  slllage  est  aglt8  sur  une  cartalne  longueur  avant  qua  l’all6e  altemie  se  forma.  A 
grande  Incidence  (fig.  22c)  11  n'y  a plus  de  bulle  et  on  retrouve  une  all8e  altern6e  blen  organlsBe 
pr8s  de  I'extrdmltd  aval  des  domalnes  de  recirculation. 


9 - EXPERIENCES  EN  BCOVLEMENT  SVPERCRITIQUE.- 

Les  figures  23  at  24  repr^sentant  des  ficoulements  supercrltlquas  par  internd-ttences.  Sur  les 
photographies  de  la  figure  23  on  distingue  nettement  le  dSplacement  pArlodlque  du  point  de  dScollement  1 
11  se  fait  8 la  frequence  Ng  et  son  amplitude  angulaire  est  d’envlron  15°  de  part  et  d’autre  du  maltre 
couple.  Une  poche  supersonlque  est  cr66g  lorsque  le  dBcollement  progresse  vers  I'aval.  On  remarque  qua 
le  retour  du  dBcollement  vers  I'amont  s’accompagne  de  la  nalssance  d'une  petite  onde.  Les  fluctuations 
prScSdentes  provoquent  Bvldemment  un  ddplacement  p8rlodlque  du  point  d'arrbt.  On  imagine  les  cons6quences 
importantes  que  ce  phfinomSne  peut  avoir  sur  la  loi  de/thermlque  d'un  Slfiment  sensible  chaufffi  (film  ohaud) 
flxS  au  bord  d'attaque.  /convection 

Pour  la  plaque  (fig,  24)  le  d8collsment  eat  fixe,  mals  la  llgne  de  Jet  oscllle  8 la  frequence  Ng. 

Sur  les  deux  figures  23  et  24  on  remarque  les  ondelettes  cr88es  par  le  champ  de  vltesse 
Instatlonnalre  Indult  par  les  tourblllons  qul  longent  les  domalnes  de  recirculation.  Ces  ondelettes 
existent  dans  tous  les  cas,  mals  alias  sont  tr8s  apparentes  Icl  car  8 proxlmltB  des  noyaux  tourblllonnalres 
la  vltesse  est  volslne  de  la  vltesse  du  son. 

La  figure  25  reprBsente  une  plaque  en  Incidence  50°  ou  on  a dBllmltS  les  frontl8res  des 
structures  tourblllonnalres  8 partlr  d'une  strloscople  ultra-raplde  : la  preml8re  grosae  structure  est 
encore  adjacente  aux  domalnes  de  recirculation  tandls  que  celle  qul  la  pr8c8de,  dans  la  file  du  haut, 
appartlent  d8J8  8 l'all8e  alternBe. 

Lorsqu'on  passe  aux  Bcoulements  strlctement  supercrltlques  on  note  un  allongement  consld6rabls 
des  domalnes  de  recirculation  pour  la  plaque  (fig.  26),  au  contraire  du  cylindre  et  surtout  du  culot 
(fig.  27). 


Oes  sequences  de  visualisation  ultra-raplde  d'Bcoulements  strlctement  supercrltlques  aont 
dopn/es  sur  lea  figures  28  8 33,  Les  clichds  strloscopiques  8 long  temps  de  pose  (400e  de  seconds) 
r8v81ent  I'exlstencs  d'ondes  de  choc.  Cellea-cl  apparalssent  floues  8 cause  de  leur  vibration  autour 
d'une  position  moyenne.  On  discerns  les  ondes  acoustlques  Bmises  par  lea  tourblllons  apr8s  leur  passage 
8 travers  I'onde  de  choc. 

L'osclllatlon  latBrale  du  slllage  est  fivldente  sur  les  figures  28  at  29.  Pour  Is  culot  (fig,  29) 
I'amplltude  de  l'osclllatlon  de  la  llgne  de  Jet  est  environ  10°  vers  l'lnt6rlaur  des  domalnes  de  recir- 
culation at  4°  vers  I'extBrlsur. 

Un  d6poulllement  de  I'sasal  8 H 3 .85  pour  le  profll  ONERA  0 de  cords  24  mm  a 6t8  fait  an  ce  qul 
concerns  la  propagation  des  ondes  Instatlonnalres.  Sur  la  figure  30  on  a lndlqu8  8 tltra  d 'example  trols 
positions  succsaslves  d'une  onde.  On  constate  que  les  ondes  6mlses  par  les  tourblllons  remontent  le 
courant  at  vlsnnent  p8n6trer  dans  la  poche  supersonlque  en  contournant  le  choc  par  le  sommet,  Ce  risultat 
montre  que  les  pochas  supersonlques  ns  sont  pas  8 I'abrl  de  perturbations  an  provenance  de  I'aval, 

Le  m8me  ph8nom8ns  ast  visible  sur  la  figure  31  qul  reprdsante  la  strloscople  d'un  ficoulsment 
supercrltlque  autour  d'un  profll  8 bee. 
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La  flgura  32  fournit  un  exenpla  d'Acoulement  suparcrltlque  avec  trols  cl6collements  sur  la  profil 
ONERA  0 i 1 'Incidence  •(  • 4*.  L'ficoulement  pr6sente  une  bulle  d'extrados  produite  dans  le  cas  M ■ .7 
par  le  pic  de  vltesse  et  dans  le  cas  M • .64  par  I'onde  da  choc.  Les  tourblllons  de  la  bulle  altdrent 
le  slllage,  mala  11  exlsta  une  all6e  alternde  loin  an  aval.  Dans  la  cas  M • .64  on  aperqolt  de  grosses 
bouff6es  turbulentea  entre  le  choc  et  le  bord  de  fulte.  Le  d6poullletnent  a montr6  qua  ces  bouff6es 
fugitives  ont  une  vltesse  de  propagation  16g^etnent  Infdrleure  6 la  vltesse  locale  du  flulde,  hors  de  la 
couche  llmlte. 

La  figure  33  lllustre  la  difference  qul  exlste  entre  un  6coulement  subaonlqua  et  un  ecoulement 

suparcrltlque  dans  une  prise  d’alr  an  grande  Incidence  ([19]  ) . On  constate  qua  I'onde  de  choc  provoque 

une  raplde  destruction  das  grosses  structures  tourblllonnalres  de  la  zone  de  melange  Issue  du  d6collament. 

Sur  une  des  photographies  de  la  sequence  d'cmbroscoples  pr6sent6e  on  remarque  qua  I’onde  de  choc 
n’apparalt  presque  plus. 


10  - COHCLUSIOH.- 

Dans  la  premldre  partle  de  cette  communication  nous  avons  propose  un  schema  theorlqus  simple  de 
I'emlsslon  des  tourblllons  an  un  point  de  decollament  at  de  laur  agglomeration  en  cours  de  propagation 
sous  I'effet  de  la  diffusion  vlsqueuse.  Ce  schema  expllque  I'evolutlon  Initials  d'une  zone  de  melange. 

L’appllcatlon  des  resultats  obtenus  au  slllage  tourblllonnalre  d'un  obstacle  permet  de  corrprandrs 
pourquol  les  alieas  alterneas  se  ferment  d’autant  plus  dlfflcllement  que  le  nombre  de  Reynolds  est  grand. 

Les  experiences  qul  ont  conslste  essentlellement  en  des  visualisations  ultra-rapldes  par  trains 
d'6clalrs  ont  permls  de  verifier  certalnes  previsions  theorlques.  On  a constate  que  le  phenomena 
d 'agglomeration  des  tourblllons  d'une  file  exlstalt.  On  a conflrm6  la  presence  d’aliees  altern6es  6 
grand  Reynolds  en  ecoulement  subsonlque  et  suparcrltlque  et  on  a determine  la  frequence  de  ces  aliees 
pour  de  nembreux  obstacles.  Qn  a montre  que  la  formation  d'une  aliee  altemee  necesslte  une  agglomeration 
des  tourblllons  de  cheque  file.  On  a mis  en  evidence  le  couplage  entre  I’aliee  altemee  et  le  decollament 
qul  provoque  une  oscillation,  6 la  frequence  de  1 'aliee  altemee,  de  la  llgne  de  Jet  qul  suit  le 
decollement  et,  eventuellement,  de  la  position  du  decollement.  On  a decrlt  I’lnteractlon  de  plus  de  deux 
files  de  tourblllons. 

□’une  manldre  generale,  les  experiences  montrent  que  les  ecoulsments  subsonlques  ne  different 
pas  des  ecoulements  6 falble  vltesse.  Par  centre,  les  ecoulements  supercrltlques  presentent  des  caracteres 
spedflques.  Les  visualisations  ont  permls  de  mettre  en  evidence  I’exlstence,  en  ecoulement  decolie,  de 
pochas  supersonlques  adjacentes  au  slllage  et  de  decrlre  1 'Interaction  entre  une  onde  de  choc  et  les 
tourblllons  qul  la  traversent,  En  partlculler,  11  a ete  verlfie  qu’une  poche  supersonlque  peut  Btre 
Influences  par  des  perturbations  venant  de  I'aval. 

L' ensemble  des  resultats  obtenus  soullgne  I’lnterBt  de  la  chronophotographls  ultra-raplde  pour 
I'etude  phenomBnologlque  d'ecoulsments  rapldsment  variables  qul  sont  gBneralement  mal  connus. 

Certalnes  des  proprietes  decrltes  dans  notre  communication  apparalssent  plus  evldentes  6 la 
projection  d'un  film  d'anlmatlon  qul  a ete  monte  a partlr  des  cliches  de  visualisation,  Ce  film  restltue 
I’evolutlon  des  phenorndnes  rapldement  variables  au  ralentl,  avec  une  echells  des  temps  de  I'ordre  da 
10e.  Un  extralt  de  ce  film  a ete  prBsente  au  cours  du  Syntioslum. 
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RESUME 


Le  m^canisme  de  recollement  dynamique  est  6tudid  qualitativement  et  quantita- 
tivement  sur  un  profil  d'aile  NACA  0012,  pour  lequel  I'aile  est  placfie  3 incidence  fixe 
et  est  animBe  d'un  mouvement  d'oscillation  harmonique  parallSle  I I'Scoulement  uniforne 
non  perturbs.  Le  phSnomBne  du  recollement  est  analysS  B partir  de  I'Svolution  comparSe 
du  torseur  des  forces  aSrodynamiques  globales,  des  distributions  de  la  pression  statique 
et  de  la  tension  de  cisaillement  3 la  paroi  du  profil,  ainsi  que  des  visualisations 
instantanSes  de  I'Scoulement  3 diffSrentes  phases  de  la  pSriode.  Les  rSsultats  obtenus 
mettent  en  Svidence  les  effets  instationnaires  et  notaminent  : I'hypersustentation  moyen- 
ne  d<'  I'aile  au  cours  d'une  oscillation  qui  est  SvaluSe  par  une  formula  empirique  en 
function  des  paramStres  X,  k,  Rey  , i , et  la  formation  sur  I'extrados  du  profil  de 
tourbillons  qui  se  propagent  du  bord  d'attaque  vers  le  bord  de  fuite,  et  qui  provoquent 
et  entretiennent  des  niveaux  de  portance  bien  supSrieurs  3 ceux  qui  peuvent  etre  at- 
taints en  rSgime  stationnaire . De  plus,  1' analyse  chronologique  du  phSnomdne  instation- 
naire  au  cours  d'un  cycle,  conduit  3 Stablir  une  analogie  Stroite  entre  les  phSnomSnes 
observes  en  tamis,  et  ceux  observSs  pour  le  dScrochage  dynamique  dans  le  cas  du  mouve- 
ment de  tangage. 


NOTATIONS 


A 

A(i),B 

Co 


(i). 


: amplitude  de  1 'oscillation  de  tamis 
C : functions  d(5finissant  Co  dans  le  cas 


Co  ■ P/P 


stat 


Ci,C 


2" 


• C. 


CYo 

CXo 

CMo 

c 

f 

i 

k 

M 

P 

P. 

P 

Rey^, 

T 

t 

x 


♦l'^2’ 


premier  terme  de  la  decomposition  en  sdries  de  Fourier 


amplitudes  des  harmoniques  de  la  decomposition  en  series  de  Fourier 

CYo  - 


coefficient  de  portance  moyen 
" de  trainee  moyen 

" de  moment  moyen 


CXo 

CMo 


P/y  P 

j/} 

P 


M/y 


S 

s 

s.c 


1 2 

instantanee  : C • (p-pJ/-j  p 


coefficient  de  pression 
corde  du  profil 

frequence  du  mouvement  harmonique 
Incidence  du  profil 
incidence  de  decrochage  stationnaire 
frequence  reduite  ; k ■ ^ y 

moment  de  tangage  instantane'par  rapport  au  quart  avant  de  la  corde 
portance  instantanee 

pression  statique  de  I'ecoulement  uniforme 
pression  statique  instantanee 


V c 


Rey. 


nombre  de  Reynolds  rapporte  3 la  corde  et  3 V, 
trainee  instantanee 
temps 

Vitesse  3 1' inf ini  amont 
abscissa  suivant  la  corde  du  profil 
pulsation  du  mouvement  ; w ■ 2«f 

amplitude  reduite  ; X • ^ 
tension  de  cisaillement  instantanee 

dephasages  des  harmoniques  de  la  decomposition  en  series  de  Fourier. 


Decomposition  adoptee  : Co  * 


♦n) 
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H^Maitre  de  Recherche  au  C.N.R.S. 
---Attache  de  Recherche  au  C.N.R.S. 


xxxx 


Professeur  Honoraire  de  I'Universite  d' Aix-Marseille  II 


U 


Indice  supCrieur  : 

: moyenne  sur  une  pCriode 
Indices  infCrieurs  : 

St  ou  stat:  regime  stationnaire 
inst  : regime  instantan6 


I.  INTRODUCTION 


De  nombreux  travaux  thdoriques  et  expdrimentaux  sur  le  comportement  a£rodyna- 
mique  de  profils  d'ailes  en  mouveroent  relatif  instationnaire  ont  tti  effectu^s  au  cours 
de  ces  derniSres  ann^es  (voir  par  exemple  R6f6rences  1 i 20).  La  plupart  des  6tudes 
entreprises  (en  vue  principalenent  de  simuler  en  soufflerie  les  conditions  auxquelles 
sont  soumises  les  diff^rentes  sections  des  pales  de  rotors  d'h^licopt^res  en  vol  de 
translation)  concernent  le  cas  particuliet  oO  le  profil,  plac6  dans  un  courant  uniforme, 
est  anin£  d'un  mouvement  propre  d'oscillation  en  tangage  autour  d'une  incidence  voisine 
de  I'incidence  de  d^crochage  en  regime  stationnaire.  Ces  dtudes  ont  conduit  3 I'observa- 
tion  du  phC'nomdnc  qu'il  est  convenu  d'appeler  "ddcrochage  dynamique". 

On  peut  cependant  envisager,  pour  cette  simulation,  d'autres  modes  de  mouve- 
ments  propres  du  profil  ; c'est  ce  qui  a 6t6  fait  3 I'l.M.F.M.  en  liaison  avec  le 
Service  Technique  de  1 'Af ronautique.  Dans  les  Etudes  entreprises  9 I'l.M.F.M.  depuis 
1971,  le  profil  plac6  9 incidence  fixe  dans  un  courant  uniforme  est  anim6  d'un  mouvement 
d'oscillation  harmonique  propre,  soit  parall91e  (tamis),  soit  normal  (pilonnement) , 9 
I'icoulement  non  perturbC. 

Depuis  1971,  1 'effort  a principalenent  portC-  sur  l'€tude  des  effets  instation- 
naires  lorsque  le  mouvement  est  de  tamis.  Ce  raCmoire  rend  compte  uniquement  de  cette 
6tude  qui  est  maintenant  trbs  complete  et  qui  a conduit  9 1' observation  du  ph6nom9ne 
que  nous  avons  appel£  "recollement  dynamique",  par  opposition  9 la  denomination  "d6cro- 
chage  dynamique"  dans  le  cas  ou  le  mouvement  propre  du  profil  est  de  tangage. 

Un  premier  rndmoire  prfsente  en  1972  au  Colloque  A.G.A.R.D.  sur  I'Afrodynami- 
que  des  voilures  tournantes  (Kfif.  21)  a fait  6tat  de  mesures  du  torseur  des  forces  ' 
aerodynamiques  (F,  T,  M)  sur  le  profil  .N'ACA  0012  9 faible  incidence  et  faibles  amplitu- 
des et  frequences  reduites.  Les  effets  instationnaires , dans  ce  cas,  sont  sensibles 
mais  faibles. 

Les  resultats  de  nouvelles  mesures  de  i’,  1,  M sur  ce  memo  profil  9 i • lb” 
ont  ete  exposes  9 Tucson  (Kef.  22)  en  1975  ainsi  quc  les  premieres  mesures  de  frotte- 
ment  parietal.  Bien  quc  I'amplitude  reduite  x n'ait  pas  depasse  0,20,  les  mesures 
d'efforts  et  de  frottement  ont  mis  en  evidence  le  rattacliement  de  la  couche  limite  sur 
I'extrados  du  profil,  sur  la  totalite  de  la  pOriode,  rattachement  qui  pouvait  meme 
subsister  un  certain  temps  aprcs  que  le  mouvement  propre  du  profil  ait  6t6  arrete. 

Lnfin  en  Septcmbre  1975  et  en  bcptetibrc  1970,  trois  nouvcaux  neiuoires  (Rff. 

23,  24,  25)  ont  6t6  prcsentOs  qui  rendent  com.ptc  de  nouvelles  mesures  effcctuOes  9 
grande  incidence  et  grande  amplitude  rOduite  pour  X/k  constant  et  Ogal  9 1,13,  mesures 
qui  mettent  en  Ovidence  le  recollem.:nt  de  la  couche  limite  sur  une  partie  de  la  pOriode. 

Depuis  cette  £poque,  des  essais  tr^s  complets  ont  6t£  effectuOs  ; ils  cotipor- 
tent,  toujours  pour  le  meme  profil  NACA  0012  les  mesures  instantanOcs  d'une  part  et 
moyennes  sur  la  pOriode  d'autre  part,  des  grandeurs  globales  et  locales.  Ainsi  les 
mesures  d'efforts  (F,  1,  M) , de  pression  et  de  frottement  pariOtal  en  des  points  de  la 
surface  du  profil  9 diffCrents  x/c  (9  partir  du  bord  d'attaque  jusqu'9  x/c  • 0,8),  ont 

6t€  r^alisOes  pour  un  domaine  tr9s  etendu  de  variation  de  I'incidence,  de  la  frequence 

et  de  I'amplitude  rOduites. 

On  a acquis  ainsi,  une  connaissance  approfondic  du  phOnomine  de  recollement 
dynamique, ce  qui  a permis  d'Ctablir  un  paralldle  entre  les  ph6nom6nes  observes  sur  la 
portion  de  la  p£riode  oO  le  recollement  disparait,  avec  ceux  observes  dans  le  dOcrocha- 
ge  dynamioue,  lorsque  le  mouvement  propre  du  profil  est  de  tangage.  F.n  fait,  on  observe 

dans  les  deux  cas,  9 certains  instants  de  la  pOriode,  des  coefficients  de  portance  trCs 

supOrieurs  au  coefficient  de  portance  maximal  en  rfginc  stationnaire.  Ce  ph£nom6ne  est 
dO  9 la  propagation  d'un  tourbillon  sur  I'extrados  du  profil. 

II  y a une  analogic  trds  frappante  entre  les  phCnom9nes  observes  dans  les 
deux  cas  de  mouvement  propre  tamis  et  tangage,  de  sorte  quc  le  comportement  instation- 
naire d'un  profil  peut  etre  6tudi£  valablement  en  mouvement  de  tamis,  ce  qui  prOsente 
de  grands  avantages  aussi  bien  thOoriques  qu'expCrincntaux. 

2.  MONTAGES 


2.1.  Soufflerie.  dispositif  d'oscillation  et  conditions  d'essais 

Les  essais  ont  rOalls^s  dans  la  soufflerie  9 refoulement  de  veine  rectan- 
gulaire  0,5  x 1 m^  et  9 faible  intensity  de  turbulence  (<  0,5  1).  La  vitesse  de  l'£cou- 
lement  amont  peut  etre  r6gl£e  de  3 m/s  9 20  m/s  ce  qui  conduit  9 des  noabres  de  Reynolds 


. Xfl I-I, 
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Rey  allant  de  7.10  3 4.10  . Le  disposltif  d'oscillation  de  la  maquette  dCjd  d^crit 

en  ^d^tail  dans  les  r£f£rences  21  et  23,  pernet  d'obtenir  des  frequences  coaprises  en- 
tre  0,S  Hz  et  5 Hz.  L'airplitudc  du  deplacement  de  la  maquette  peut  varier  de  0 a 17  cm. 
Ces  conditions  conduisent  3 faire  varier  A et  k dans  les  limites  ci-dessous  : 

0 < A < 1,2 

0 < k < 1,2  A/k  variable 

0 .tX/U  1,13 

La  maquette  est  celle  d'un  profil  symetrique  NACA  0012  corde  c ■ 30  cm, 
envergure  : 49, S cm. 

Les  dimensions  de  la  chambre  d'exp6rience  permettent  de  faire  varier  1' inci- 
dence de  la  maquette  de  0*  3 2S*  et  par  suite  d'atteindre  des  incidences  largement 
sup^rieures  3 1' incidence  de  d6crochage  stationnaire  qui  se  situe  aux  environs  de  12*. 

2.2.  bquipements  de  mesure 

2.2.1.  Torseur  des  forces  a£rodynamiques  (P,  T,  M) 

Les  mesures  instantanSes  du  torseur  des  forces  a6rodynamiques  (P,  T,  M)  ont 
6t6  effectu£es  3 I'aide  de  torsiomStres  qui  ont  dCj3  fait  I'objet  d'une  description 
d6taill€e  dans  les  r6f€rences  21  et  25. 

2.2.2.  Pression  statique  p 3 la  paroi  du  profil 

Les  mesures  de  la  pressiun  statique  le  long  de  la  corde  du  profil  ont  6t6 
rfalisfes  3 I'aide  de  capteurs  dif f^rentiels  semi-conducteurs  du  type  Kulite  embarqu^s 
dans  la  maquette  (voir  montage  dans  les  r^f^rences  23  et  24).  Le  type  de  capteur  choisi 
(CQII  125]  est  le  plus  sensible  de  la  gamme  des  capteurs  Kulite  (de  I'ordre  de 
2.5  10*^  mV/Pa) . II  est  6quip€  d'un  module  de  compensation  de  temperature.  Les  frequen- 
ces de  1 3 5 Hz  du  phCnorndne  itudie  etant  faibles  devant  la  frequence  propre  des  cap- 
teurs et  1 ' insensibilite  de  ces  capteurs  aux  accelerations,  ont  conduit  3 conserver 
I'etalonnage  statique  pour  les  mesures  en  regime  dynamique. 

2.2.3.  Tension  do  cisaillement  t 


Les  jauges  utilisCes,  dont  le  principe  de  fonctionnement  est  identique  3 celui 
utilise  en  anemometrie  3 film  chaud,  ont  ete  reparties  aux  memos  abscisses  en  corde  que 
les  capteurs  de  pression.  (Voir  detail  dans  les  references  22  et  23).  Le  temps  de  repon- 
se,  comparable  3 celui  de  jauges  existant  dans  le  commerce,  est  de  I'ordre  de  quelques 
a secondes.  La  methode  de  depouillement  employee  permet  d'obtenir  le  rapport  de  la  ten- 
sion de  cisaillement  instationnaire  t 3 la  valour  correspondante  en  regime  stationnaire 
T.,  3 partir  des  voltages  recueillis  aux  bornes  de  la  jauge  par  la  relation  : 

oO 


t/t 


St 


^st 


o -■ 


L^  designe  la  tension  3 vent  nul, 


**  ^inst 


les  voltages  en  rfgims  stationnaire  et  instationnaire. 


3.  METHODE  PE  DEPOUILLEML.NT  DLS  SIGNAUX 

Les  tensions  eiectriques  deiivrees  par  les  detecteurs  de  mesures  globales  ou 
locales  decrits  au  $.2,  sont  recueillies  dans  un  centralisateur  de  mesure  (Intertechni- 
que DIDAC  SCO) . 


Ces  tensions  num(ris£es  puis  stockdes  sur  800  canaux  peuvent  etre  directement 
soumises,  de  la  part  du  centralisateur,  3 des  operations  numeriques  avant  de  sortir  sur 
bandes  perfor6es  exploitables  par  ordinateur. 


Les  valours  sont  ensuite  dScomposCes  en  s6rie  de  Fourier,  et  il  est  alors 
tenu  compte  des  corrections  en  amplitude  et  en  phase  que  nScessite  1 ' utilisation  des 
filtres  et  des  capteurs  dans  la  chaine  de  mesure. 


Si  G represente  la  valeur  numerisfe  obtenue  aprCs  ces  corrections  (effort, 
pression,  etc...)  et  Gs  la  valeur  numerisec  correspondant  au  regime  stationnaire,  G/Gg 
est  decomposee  en  serie  de  Fourier  suivant  la  forme  : 

n 

G/Gc  - Co  ♦ I C cos  (n  • t ♦ ♦n) 
o 2 n 

Le  terme  Co  represents  done  la  valeur  moyenne  sur  la  periode  de  la  quantite  G rapportee 
3 sa  valeur  stationnaire  G^^. 

Le  top  de  synchronisation  initiant  chaque  periode  d'enregistrement  est  tel 
que  la  vitesse  relative  V de  la  maquette  par  rapport  3 la  Vitesse  s'Cerit  : 


V/V^  • 1 ♦ A cos  wt  , 

ainsi  les  angles  4n  reprCsentent  les  dCphasages  des  differents  harmoniques  des 
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quantlt£s  C/G^  par  rapport  d la  vitesse  relative  de  la  maquette. 

4.  RESULTATS  ET  DISCUSSION 

4.1.  Influence  de  X.  k.  i et  Rev.-  sur  le  torseur  (P,  T,  Ml 

Comme  11  a d£jA  £t6  Bontr£  dans  les  r6f6rences  23,  25  les  effets  instationnai- 
res  provoquent  sur  I'aile  plac6e  H incidence  tris  supdrieure  A 1* incidence  de  portance 
maximale  en  regime  stationnaire,  un  effet  hypersustentateur  mettant  en  Evidence  un  rap- 
port de  la  portance  moyenne  au  cours  d'un  cycle  P.  . 3 la  portance  stationnaire  P.*.,. 
sup£rieur  3 1.  Ces  effets  sont  aussi  ressentis  sur"la  trainee  et  le  moment  de  scar 

tangage  comme  le  montrent  les  figures  1,  2,  3.  Ces  r^sultats  sont  relatifs  3 une  valeur 
constante  du  rapport  X/k  ■ 1,13.  Oepuis,  le  domaine  des  mesures  a 6tS  Ctendu  3 des  va- 
lours de  X/k  variables,  et  en  ce  qui  concerne  le  rapport  Co  ■ ® 

possible  de  synth^tiser  les  r^sultats  obtenus  31 'aide  des  formulas  empiriques  suivantes  : 
(1)  Co  - 1 ♦ A(i)  . k^  fl  - 


, C(X/k)-, 

B(i)  k. 


Si  i 4 in = 

et 

Si  i » i„ 


A(i)  - 0,782(i/iy)  ; a-  4 ; B(i) 

A(i)  - 4 ♦ 0,6  (i/ip)  : a - 1 

B(i)  - 0,558  ♦ 0,432  |2,17  - (i/ip) 
C (X/k)  - 0,422  - 0,55  (X/k) 


0,2 


3 


: c (x/k) 


5 


od  Iq  dfsigne  1' incidence  dc  ddcrochage  en  regime  stationnaire.  On  constate  en  particu- 
lier  sur  ces  relations  que  X et  k interviennent  sous  forme  de  produits  des  param3tres 
X/k  et  k. 


On  a repr6sent6  sur  la  fig.  4 3 titre  d'exemple  les  r6sultats  d'essai  obtenus 
3 i • 20*  et  la  courbe  d6duite  de  la  relation  prAc6dente  concernant  la  variation  de  Co 
en  fonction  de  k,  pour  diff6rentes  valeurs  du  param3tre  X/k.  II  est  3 noter  que  dans  la 
gamme  des  vitesses  relatives  3 ces  essais,  1' influence  de  Reyc  peut  etre  n€glig6e  comme 
le  montre  le  regroupement  des  points  obtenus  3 des  memes  k et  X/k,  mais  pour  des  Rey 
diff6rents.  ^ 


Les  valeurs  de  Pinat'^^'stat  dCcomposCes  mn  s6rie  de  Fourier  suivant  la 

formule  donn#e  au  S.3  pour  difftrentes  incidences  (6*,  12*,  20*)  et  diff6rentes  valeurs 
deX/k.  Les  figures  (5,6,7)  reprdsentent  le  r6sultat  de  I'analyse  du  premier  harmonique 
(Ci,4i)  dans  le  diagramme  Ci  cos  41  • - C^  sin  4^.  Pour  des  incidences  inf6rieures  ou 

6gales  3 iQ  (6*  et  12*),  le  ddphasage  4^  qui  apparait  pour  X > 0,23  est  fonction  crois- 

sante  de  X,  fonction  lentement  d6croissante  de  X/k  et  atteint  environ  40*  pour  X • 1,16 
et  X/k  • 1.13  (fig.  5 et  6) . Par  centre,  on  observe  des  fortes  variations  du  d6phasage 
42  (i  ■ 20*,  fig.  7)  qui  peut  atteindre  80*  3 X • 1 et  X/k  - 1,13  . II  est  3 noter  dans 
ce  cas  que  I'amplitude  passe  par  un  maximum  d'autant  plus  grand  que  X/k  est  grand.  La 
phase  de  ce  maximum  dfcroit  avec  X/k. 

Les  variations  de  I'harmonique  2 (C2,42)  de  ^inst^^stat  diagramme  C2 

cos  42  ; - C2  sin  4,  sont  reprfsentSes  sur  la  figure  8 pour  i • 20*.  L'amplitude  C2 

demeure  dans  tous  les  cas  inf6rieure  3 0,7  et  done  toujours  inf6rieure  3 C^ . Contraire- 

ment  3 4^,  la  variation  de  la  phase  42  est  tr3s  importante  puisqu'ellc  peut  atteindre 
360*.  Ce  maximum  de  phase  peut  etre  atteint  pour  des  X d'autant  plus  faibles  que  X/k 
est  faible. 

De  plus,  il  est  3 remarquer  que  1' influence  de  Rey^  peut  etre  6galement  n6- 
glig6e  sur  les  harmoniques  1 et  2,  comme  le  montre  le  regroupement  des  points  relatifs 
I des  memes  X et  X/k  mais  obtenus  3 des  nombres  de  Reynolds  diff6rents  (figures  7 et  8). 

Une  analyse  analogue  3 celle  effectuC-e  sur  la  portance  et  concernant  le  pre- 
mier harmonique  (0^,4^)  de  et  Minst^'’stat  ^ 

et  x/k  • cte  ■ 1,13  est  repr6sent6e  sur  les  figures  9 et  10. 

Les  r6sultats  relatifs  3 la  trainee  (fig.  9)  font  apparaitre  une  analogic 
d' allure  avec  les  variations  (C^t  4i)  de  la  portance,  montrant  toutefois  une  amplitude 
Cj  inf6rieure  3 celle  de  la  portance  (voir  figures  7 et  9). 

L'dvolution  de  Cl  et  41  dans  le  cas  de  ^inst^^stat  evidence 

des  fortes  variations  de  phase  et  d'amplitude  (0  < 4^  4 360*  et  0 4 C^  « 7). 

II  ressort  des  figures  5 3 7 pour  I’ipst^'stat  ® ^inst'^^stat  lors- 

que  1' incidence  est  inferieure  ou  (gale  3 ij^,  la  phase  4^  demeure  pratiquement  constante 
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et  faible  dans  les  doniaines  de  X et  X/k  considfrfis.  Par  centre  pour  ces  mcmes  inciden- 
ces et  en  ce  qui  concerne  le  moment,  la  figure  10  fait  apparaltre  des  variations  de 
importantes.  Lorsque  1' incidence  est  supCrieure  3 io  la  phase  dc  *’irist^^stat  ’ 

'*'inst'''^stat  '^inst''f‘stat  fortement  avec  X , (Pig.  7.  9,  lOj 

A partir  des  resultats  prdefidents,  I'influence  des  paramdtres  x,  k,  i et 
Rey-  a ^galement  pu  etre  analysde  directement  en  fonction  du  temps.  11  a CtS  ainsi  pos- 
sible d'effectuer  une  comparaison  entre  les  valeurs  instantanees  des  rapports 
’’inst^^’staf  ■^inst^’^stat  ■'inst/-’stat  valeurs  quasi-stationnaircs  de  ces  memes 

rapports  aux  memos  incidences.  Ces  valeurs  quasi:;stationnaires  sont  identiques  pour  ces 
trois  rapports  et  €gales  en  fait  3 (1  +X  cos  ut)".  Une  discussion  plus  approfondie  de 
I'dvolution  du  torseur  adrodynanique  en  fonction  du  temps  est  effectude  au  § 4.2  dans  le 
cas  particulier  de  i ■ 20°,  X = 0,74,  X/k  = 1,13,  Rey^.  = 0,714.10^. 

Ndanmoins,  on  constate  d'une  fagon  gdndrale  quo  les  courbes  des  valeurs  ins- 
tantandes  sont  pratiquement  confondues  avec  la  courbe  y = (1  ♦ X cos  ut)-,  aussitdt  que 
X et  k attcignent  des  niveaux  suf f isamment  faiblcs  (X  infdrieur  3 0,26  et  k infdricur 
3 0,23)  . 


Autrement  dit,  les  valeurs  instantandes  de  P,  T et  M sont  pratiquement  dgales 
aux  valeurs  quasi-stationnaires  de  ces  memes  grandeurs  dds  que  X est  infdrieur  3 0,26  et 
k infdrieur  3 0,23  ; les  effets  instationnaires  sont  done  3 peine  visibles  dans  ces 
conditions. 


Par  contre,  pour  X et  k supdrieurs  respectivement  3 0,26  et  0,23,  les  effets 
instationnaires  sont  trds  marquds  ; en  particulier,  pour  des  incidences  supdrieures  3 
I'incidence  de  ddcrochage  stationnaire,  les  oscillations  de  tamis  provoquent  un  effet 
favorable  hypersustentateur  de  I'aile  (rdf.  23,  25).  Cet  effet  hypersustentateur  moyen 
est  d’ailleurs  bien  confirmd  par  les  enregistrements  de  la  pression  statique  sur  le 
profil.  A titre  d'exemple,  la  figure  11  obtenue  pour  i = 20°,  X - 0,74  et  X/k  ■ 1,13, 
compare  la  rdpartition  du  C-  moyen  en  rdgime  instationnaire  avec  celle  obtenue  en  rdgime 
stationnaire  et  met  en  dvidence  le  gain  moyen  de  portance  (de  I'ordre  de  2,1).  La  figure 
12  obtenue  dans  les  memes  conditions  de  X et  k 3 6®  fait  apparaltre  au  contraire  un  fai- 
bie  gain  de  portance  (1,15)  attestant  les  faibles  effets  instationnaires  3 faible  inci- 
dence . 


L'cffet  hypersustentateur  observd  3 forte  incidence  s'accompagne  d'un  fort 
moment  piqueur,  et  d'un  accroissement  marqud  de  la  trainde  moyenne  comme  on  a ddj3  pu 
le  remarquer  sur  les  fig.  2 et  3.  Une  consdquence  de  ces  effets  instationnaires  marquds 
sur  le  torseur  adrodynamique  (P,  T,  M)  se  retrouve  dgalement  sur  la  fig.  13,  qui  reprd- 
sente  la  distribution  locale  du  rapport  de  la  tension  de  cisaillement  moyenne  (t)  3 sa 
valeur  locale  stationnaire  long  de  la  corde  du  profil.  On  constate  sur  cette 

figure  une  augmentation  du  rapport  t /t  . d'autant  plus  forte  que  I'incidence  est 

S L 

forte,  alors  que  sur  I'intrados,  pour  i « 6°  comme  pour  i ■ 20°,  aucun  accroissement  no- 
table du  frottement  n'est  visible,  exception  faite  de  6°  3 x/c  • 0,6,  abscisse  3 partir 
de  laquelle  doit  se  produire  la  transition  dc  la  ccuche  limite. 

Afin  d'analyser  plus  finement  les  phdnomdnes  observds,  il  a dtd  proeddd  3 des 
visualisations  qui  ont  dtd  confrontdes  aux  mesures  locales  instantandes  de  pression  sta- 
tique et  de  frottement  paridtal  le  long  de  la  corde  du  profil  ainsi  qu'aux  valeurs  glo- 
bales  instantandes  du  torseur  des  forces  adrodynamiques . 

2.  Visualisations  et  interprdtation  du  phdnomdne  dynamique 

Les  photographies  instantandes  de  I'dcoulement  au-dessus  de  I'extrados  du  pro- 
fil prises  au  1/1000  de  seconde,  3 diffdrentes  phases  de  la  pdriode,  par  application  de 
la  mdthode  des  fumdes,  rdvdlcnt  d'une  fagon  satisfaisante  3 grande,  incidence  (planche 
14)  la  nature  de  I'dcoulement  dans  la  couche  limite  et  la  formation  dcs  tourbillons. 

La  comparaison  de  la  photo  (ST.),  en  bas  3 droite  qui  reprdsente  la  configura- 
tion de  I'dcoulement  en  rdgime  stationnaire  3 i » 20°,  Re^  • 0,714.10^  avec  les  instan- 
tands  rdalisds  3 diffdrentes  phases  de  la  pdriode  pour  X • 0,74  et  X/k  • 1,13,  montre 
que  la  couche  limite  se  rattache  sur  I'extrados  du  profil,  puis  ddcollc  fortement  par  un 
mdcanisme  d'dclatement  de  la  bulle  de  bord  d'attaque  accompagnde  d'un  ddtachement  de 
tourbillons.  Le  diagramme  situd  3 gauche  de  la  planche  14  permet  de  suivre  I'dvolution 
de  la  maquette,  sa  vitesse,  et  son  accdldration  au  cours  d'un  cycle. 

De  fagon  3 dtablir  chronologiquement  les  correspondances  qui  existent  entre 
I'dvolution  de  la  configuration  de  I'dcoulement  sur  I'extrados  du  profil  au  cours  dc  la 
pdriode  et  I'dvolution  du  torseur  instantand  (P,  T,  M) , des  distributions  de  pression 
statique  Cp,  et  de  frottement  paridtal  t/t  . ^ instantandes,  il  a dtd  sdlectionnd  cinq 
instants  particuliers  de  la  pdriode  (3w/2  flf/b*  ; l,9ii  ; 0,2w  ; 0,74w)  qui  font  I'objet 
des  planches  (IS,  16,  17,  18,  19). 

a)  Mt  * 3ii/2  (planche  IS) 

La  visualisation  de  la  planche  IS,  montre  que  la  couche  limite  commence  3 se 
rattacher  sur  I'extrados  du  profil  3 cet  instant,  tandis  que  le  profil  va  amorcer  sa 
marche  3 contre  courant.  La  vitesse  relative  est  celle  de  I'dcoulement  amont  et  son 


f 
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acceleration  maximale  est  egale  3 Atu  . Le  rattachement  de  la  couche  litnite  se  produit 
jusqu'S  x/c  • 0,5,  il  y a au-del3  ecoulement  de  retour  et  separation  de  la  couche 
limite. 

La  portance  prend  alors  une  valeur  tr^s  voisine  de  celle  qui  correspondrait  3 
un  regime  quasi-stationnaire , elle  est  done  trfis  voisine  de  celle  qui  correspond  au  re- 
gime stationnaire . 11  en  est  de  meme  pour  la  trainee  et  pour  le  moment  de  tangage. 

La  valeur  du  gradient  de  pression  instationnaire  (Ref.  25)  obtenue  3 x/c-0,1 
par  un  calcul  tenant  compte  de  I'effet  de  la  trainee  tourbillonnaire  montre  qu'3  cet 
instant  (dp/dx)/ (dp/dx)  est  inferieur  3 1 et  que  par  consequent  le  gradient  de  pres- 
sion instationnaire  est^*  favorable  3 un  recollement  de  la  couche  limite. 

La  distribution  des  pressions  statiques  confrontde  3 la  distribution  station- 
naire montre  qu'3  cet  instant  une  depression  marqude  est  retablie  sur  I'extrados  indi- 
quant  un  ddbut  de  recollement  de  la  couche  limite. 

En  ce  qui  concerne  la  distribution  de  ‘'/''stat’  constate  un  accroissement 

global  de  ce  rapport  sur  tout  I'extrados  montrant  qu'en  aucun  point  du  profil  le  frotte- 
ment  stationnaire  n'est  atteint,  ce  qui  peut  etre  attribud  3 un  debut  de  recollement  de 
la  couche  limite. 

b)  3»/2  < lilt  < 1.9it  (planche  16) 

Pour  cette  fraction  de  la  periode,  le  profil  poursuit  sa  marche  en  avant  avec 
une  Vitesse  accrue  (0,8  Au  pour  ut  • l,83ii  ),  la  couche  limite  devient  attachde  sur 
toute  I'etendue  de  I'extrados  du  profil. 

La  portance  devient  supdrieure  3 la  courbe  quasi-stationnaire.  La  trainde 
crolt  en  demeurant  inidrieure  3 la  valeur  quasi-stationnaire  qu'elle  n'atteindra  que 
vers  ut  ■ 0,lii  . Le  moment  de  tangage  devient  positif,  c'est-3-dire  qu'il  est  cabreur 
lorsque  I'dcoulement  sur  I'extrados  est  rattachd. 

Le  gradient  de  pression  thdorique  dans  cette  fraction  de  la  pdriode  est  tou- 
jours  favorable  au  recollement,  et  la  depression  prdsente  sur  I'extrados  est  devenue 
plus  importante  qu'3  ut  • 3it/2  indiquant  ainsi  un  recollement  plus  complet  de  la  couche 
limite  sur  I'extrados. 

L'accroissement  de  est  dgalement  plus  important  qu'3  ut«  3ii/2. 

c)  1.9»  v<  ut  '<  0.3ii  (planches  17,  18) 

La  photographie  de  la  planche  17  ( ut  > 1,9  w)  montre  qu'3  cette  phase  un 
dcoulemen.  de  retour  s'amorce  dans  la  couche  limite  jusqu'3  x/c  - 0,5  et  que  se  forme 
sur  la  partie  avant  du  profil  prdcisdment  jusqu'3  la  meme  abscisse  une  bulle  de  ddcolle- 
ment  laminaire.  On  notera  d'ailleurs  que  I'dcoulement  Uc  retour  dans  la  couche  limite 
3 I'arridre  du  profil,  ne  s'accompagne  pas  de  la  separation  de  la  couche  limite,  carac- 
tSre  qui  dlffdrencie  le  ddcollement  en  rdgime  dyna^ique  du  ddcollement  en  rdgime  sta- 
tionnaire. L'accdldration  est  alors  dgale  3 0,3  environ,  tandis  que  la  vitesse  du 
profil  est  trds  voisine  de  son  maximum. 

La  courbe  de  portance  commence  3 se  detacher  du  rdgime  quasi-stationnaire, 
la  trainde  comme  le  moment  de  tangage  croissent  fortement  dans  cette  tone  vers  leur 
maximum. 


Le  gradient  de  pression  thdorique  est  toujours  favorable.  La  depression  sur 
I'extrados  ast  malntenue  3 un  niveau  dlevd  comme  Ic  montre  la  distribution  des  C^. 

Sur  la  planche  18,  ( ut  - 0,2w),  la  photographie  montre  un  dclatement  de  la 
bulle  de  ddcollement  de  bord  d'attaque  et  la  formation  d'un  tourblllon  qui  se  propage 
sur  I'extrados  du  bord  d'attaque  vers  le  bord  de  fulte. 

Pour  0,2w  < ut  < 0,3ir,  la  portance  et  la  trainde  passent  par  un  maximum  net- 
tement  accusd  pour  ut  ■ 0,25«  , et  le  moment  atteint  un  premier  maximum  vers  ut  - 0,3s. 

Ls  gradient  de  pression  thdorique  commence  3 devenir  ddfavorable,  et  la  dd- 
prassion  sur  I'extrados  commence  3 ddcroitre  sensiblement . 

La  distribution  du  rapport  fait  apparaitre  deux  pics  marquds  3 

i/c  • 0,2  at  x/c  • 0,6  qui  peuvent  etre  attribuds  3 I'dclatement  de  la  bulle  et  3 la 
farmatien  de  tourbillons. 

4i  '-.I*  I ut  a 3»/2  (planche  19) 

Lorsque  ut  varie  entre  0,3»  et  3s/2,  portance  et  trainde  ddcroissent  en  fluc- 
■wmmf  0t  0m  se  rapprochant  de  leur  valeur  en  rdgime  stationnaire,  qu'elles  attelgnent, 
•••«,  aa'tl  • *td  dlt  plus  haut,  pour  ut  % 3s/2,  Mais,  ut  augmentant  3 partlr  de  0,3s, 

0 qui  rdsulte  de  I'dclatement  de  la  bulle  de  bord  d'attaque,  atteint  le 

-•>  se  fulte  et  le  ddpasse.  L'dcoulement  sur  I'extrados  devient  compldtenent  sdpard,  et 
d . • a«u  tnurbilleti  sc  forme  au  milieu  de  la  corde,  qui  se  propage  vers  le  bord  de 
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fuite.  La  propagation  de  ce  deuxiftme  tourbillon  explique  les  fluctuations  de  la  portan- 
ce  et  de  la  trainee  entre  ut  • 0,74iiet  ut  • l,2it  environ. 

En  ce  qui  concerne  le  moment,  on  remarque  qu'il  n'est  positlf,  c'est-d-dire 
cabreur,  que  pour  ut  compris  entre  1,66*  et  1,9*  , lorsque  I’dcoulement  sur  I'extrados 
est  rattachd.  Lorsque  ut  est  extCrieur  i cet  intervalle,  le  moment  est  fortement  pi- 
queur  et  I'on  observe  sur  la  courbe  deux  maximums  (en  valeur  absolue)  I'un  pour 
ut  ■ 0,3*  , I'autre  pour  ut  • *.  Le  premier  se  produit  lorsque  le  premier  tourbillon 
atteint  le  bord  de  fuite  du  profil  ; le  deuxidme  doit  se  produire  lorsque  le  deuxl^me 
tourbillon  atteint  le  bord  de  fuite. 

Le  gradient  de  pression  th6orique  redevient  fortement  dfifavorable,  et  la  dis- 
tribution de  la  pression  de  paroi  prdsente  un  plateau  sur  I'extrados  du  profil  ; la 
depression,  d cet  instant  de  la  pdriode,  est  au  minimum  de  sa  valeur. 

‘ Le  rapport  “et  en  evidence  un  pic  tr6s  marque  d x/c  = 0,6  et  un  pic 

plus  attenue  d x/c  = 0,2  dus  d la  presence  de  tourbillons  sur  I'extrados. 

La  propagation  de  ces  tourbillons  sur  I'extrados  de  I'aile  a pu  etre  mise  en 
evidence  sur  la  figure  20  qui  represente  les  enregistrements  simultanes  sur  tous  les 
capteurs  de  la  variation  de  pression  sur  I'extrados  et  au  cours  de  deux  periodes.  La 
Vitesse  de  progression  du  tourbillon,  d'apr^s  ces  enregistrements  est  egale  d 43  1 de 
la  Vitesse  relative  obtenue  d ut  ■ 2*. 

Sur  la  figure  21,  qui  reprfisente  1 'enregistrement  du  frottement  simultan6- 
ment  sur  tous  les  capteurs,  la  perturbation  qui  apparait  d x/c  • 0,12  d la  phase 
ut  ■ 300*  (en  accord  avec  1' apparition  d la  mSme  abscisse  de  la  perturbation  en  pression 
fig.  20),  se  propage  vers  le  bord  de  fuite  d une  vitesse  sensiblement  identique  d celle 
pric€demment  d6termin6e.  On  notera  toutefois  1 ' attenuation  de  la  perturbation  d x/c“0,4. 

Les  resultats  obtenus  dans  les  memes  conditions  sur  I'intrados  sont  repr^sen- 
tds  en  ce  qui  concerne  t/t  ^ sur  la  figure  22  qui  montre  que  la  couche  limite  reste 
laminaire  sur  tout  I'intrados  et  qu'aucune  perturbation  du  type  de  celle  observde  sur 
I'extrados  n'est  visible.  Les  variations  du  frottement  au  dephasage  prds  que  fait  res- 
sortir  les  theories  de  couches  limites  laminaires  (Ref.  2,  20),  suivent  I'dvolution 
de  la  vitesse  et  oscillent  autour  de  la  valeur  stationnaire  comme  on  a dejd  pu  I'obser- 
ver  sur  la  figure  13. 

5.  ANALOGIE  ENTRE  LES  MOUVEMENTS  DE  TAMIS  ET  DE  TANGAGE 

La  comparaison  des  phenomdnes  observes  precedemment,  avec  ceux  observes  dans 
le  cas  du  profil  NACA  0012  en  mouvement  de  tangage  (Ref.  16),  met  en  evidence,  ainsi 
qu'on  va  le  voir,  leur  trds  etroite  et  frappante  analogie.  La  seule  difference  reside 
dans  le  mecanisme  de  la  separation  dynamique  de  I'ecoulement  sur  I'extrados  : dans  le 
cas  des  essais  effectues  a I'l.M.F.M.,  lorsque  1 'oscillation  propre  est  de  tamis,  la 
separation  dynamique  est  due  d la  formation  et  a I'dclatement  d'une  bulle  de  separation 
au  bord  d'attaque,  tandis  que  dans  les  essais  effectues  aux  Etats-Unis,  le  mdcanisme  de 
separation  en  oscillation  de  tangage  est  celui  de  separation  turbulente  au  bord  d’atta- 
que . 


La  planche  (23)  tiree  de  la  ref.  16  represente  la  configuration  correspondan- 
te  des  ecoulements  dans  le  cas  du  mouvement  de  tangage  (1  ■ 15*  * 10*  sin  at)  ; sont 
representes  e^alement  sur  cette  planche  les  variations  du  coefficient  de  force  normale 
et  du  coefficient  de  moment  en  fonction  de  1' incidence.  On  remarque  que  lorsque  1' inci- 
dence d6passe  en  croissant  23*,  le  coefficient  de  portance  (ou  plus  exactement  de  la 
composante  normale  de  la  rSsultante  aSrodynamique) , commence  4 croitre  plus  vite  que  ne 
le  prCvoit  la  thSorie  en  regime  non  d6croch6.  Ce  coefficient  est  maximal  lorsque  1' inci- 
dence en  croissant,  atteint  24*.  Le  d6crochage  de  la  portance  se  produit  done  avant  que 
I'incidence  n'atteigne  25*  ; le  Cm  passe  ensuite  par  un  premier  minimum  lorsqu'en  d6- 
croissant  I'incidence  franchit  23'*. 

L'accroissement  de  la  portance  se  produit  en  mime  temps  que  se  propage  le  tour- 
billon formC  au  bord  d'attaque,  du  bord  d'attaque  au  bord  de  fuite.  Le  tourbillon  a at- 
taint le  milieu  de  la  corde  lorsque  le  coefficient  de  force  normale  est  maximal. 

Par  consequent,  en  ce  qui  concerne  cet  aspect  des  phtnomenes,  il  y a li  analo- 
^ie  avec  les  phenomdnes  observes  sur  I'aile  en  mouvement  de  tamis,  1' oscillation  en 
incidence  etant  remplacee  par  I'oscillation  en  tamis. 

En  ce  qui  concerne  le  moment,  celui-ci  passe  par  un  minimum  negatif  aprts 
I'epoque  du  maximum  de  la  portance  (coiue  dans  le  mouvement  de  tamis)  le  tourbillon  d'ex- 
trados  a alors  atteint  le  bord  de  fuite.  Toutefois,  I'on  n'observe  pas  de  nouveau  minimum 
du  coefficient  de  moment  lorsque  I'incidence  passe  par  15*  (incidence  moyenne)  par  va- 
leurs  dtfcrolssantes. 

Le  moment  est  cabreur  aussitSt  que  I'incidence  a d6pass6  5*  en  croissant,  tout 
comme  dans  le  mouvement  de  tamis  le  moment  devient  cabreur,  lorsque  I'aile  reprend  son 
mouvement  en  avant  aprts  avoir  atteint  la  position  arriire  extrSme. 

Dans  les  deux  cas,de  mouvement  propre,  la  configuration  de  I'Ccoulement  sur 
1 extrados  est  identique,  recollement  de  la  couche  limite  progressant  du  milieu  de  la 
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corde  vers  le  bord  de  fuite.  II  faut  toutefois  insister  sur  ce  recollement  de  la  couche 
limite  qui,  dans  le  cas  du  aouveaent  de  tangage,  existe  ddjd  en  dcouleaent  stationnaire 
pourvu  que  1* incidence  soit  suffisaaaent  faible,  alors  que  dans  le  cas  du  taais  le  re- 
colleaent  que  I'on  observe  i tris  forte  incidence  ne  peut  absoluaent  pas  se  produire  en 
dcouleaent  stationnaire  et  doit  8tre  attribud  d un  effet  pureaent  instationnaire. 

II  a aussi  seabld  intdressant  de  tenter  d'dtablir  un  parallSle  entre  les  rd- 
partitions  de  pression  statique.  Coaae  il  a dtd  vu  dans  le  paragraphe  prdcddent  et  dans 
les  figures  11  i 19,  la  distribution  de  la  pression  sur  I'extrados  ne  coaporte  en  gdnd- 
ral  pas  de  pic  ndgatif  au  voisinage  du  bord  d'attaque,  sauf  peut-etre,  i la  phase 
1,76s,  lorsque  la  couche  liaite  est  rattachde.  La  distribution  de  la  pression  au  voisi* 
nage  du  bord  d'attaque  est  narticulidreaent  plate  dans  1* intervene  de  la  pdriode  au 
courT  duquel  se  propagent  les  tourbillons  d'extrados. 

Par  centre,  un  pic  ndgatif  trds  prononcd  est  observd  au  voisinage  iaaddiat  du 
bord  d'attaoue,  lorsque  le  aouveaent  propre  est  de  tangage  et  1* incidence  croissante, 
tant  que  I'dcouleaent  de  retour  dans  la  couche  liaite  sur  I'extrados  n'a  pas  atteint  le 
bord  d'attaque. 

Le  pic  disparait  aussit6t  que  se  forae  et  se  propage  le  tourbillon  de  bord 
d'attaque,  tandis  qu'incidence  et  portance  vont  en  croissant.  Le  aoaent  piqueur  croit 
en  valeur  absolue  et  atteint  une  valeur  aaxiaale  lorsque  le  tourbillon  de  bord  d'atta- 
que atteint  le  bord  de  fuite  du  profil  ; le  ddplaceaent  de  ce  tourbillon  se  traduit  par 
la  propagation  d'un  renfleaent  dans  la  courbe  de  distribution  de  la  pression,  du  bord 
d'attaque  au  bord  de  fuite. 

La  discussion  effectu6e  pr6c6deaaent  montre  qu'll  peut  etre  indiqud,  dans  le 
cas  du  aouveaent  de  taais,  de  reprdsenter  la  portance  et  le  aoaent  par  exeaple,  non 
plus  en  fonction  de  la  phase  aais  plutot  en  function  du  ddplaceaent  du  profil  en  x/c. 

C'est  ce  qui  a dtd  fait  dans  la  figure  24  et  la  figure  25,  respectiveaent 
pour  la  portance  et  le  aoaent.  Dans  cette  dernidre,  le  aoaent,  sous  sa  forae  rdduite  a 
dtd  portd  vers  le  bas  lorsqu'il  est  piqueur  et  vers  le  haut  lorsqu'il  est  cabreur. 

En  ce  qui  concerne  la  courbe  de  portance,  on  observe  une  certaine  parentd  de 
forae  avec  la  courbe  de  portance  en  tangage  (pi.  23).  On  note  en  particulier  la  large 
boucle  d'hysteresis  apparent.  Cependant,  1 'accroisseaent  de  la  portance  entre  la  phase 
l,9w  et  0,2St  dans  le  aouveaent  de  taais,  est  beaucoup  aolns  rapide  que  lorsque  I'angle 
d'incidence,  dans  le  aouveaent  de  tangage,  croit  de  23*  3 24*. 

11  serait  intdressant  de  faire  des  essais  en  taais  d i ■ 25*  de  fa;on  d se 
rapprocher  des  conditions  correspondent  d la  planche  23  pour  lesquelles  la  variation 
d'incidence  s'dcrit  : i • 15*  ♦ 10*  sin  ut. 

On  peut  noter  d'ailleurs  que  la  comparaison  avec  le  cas  oil  I'incidence  varie 
selon  la  loi  : i • 15*  * 6*  sin  ut  n'est  pas  concluante.  En  effet,  si  I'on  se  rapporte 
d la  figure  39  de  la  rdfdrence  16,  le  tourbillon  d'extrados,  dans  ce  cas,  prend  naissan- 
ce  seuleaent  pour  i ■ 21*,  alors  que  I'incidence  de  I'aile  coaaence  d ddcrottre.  II  y a 
d'abord  augaentation  de  portance,  puls  ddcrochage  de  sorte  que  I'on  observe  une  boucle 
dans  la  courbe  de  portance. 

Dans  les  essais  en  taais,  le  tourbillon  prend  naissance  avant  que  I'aile  n'ait 
atteint  sa  position  la  plus  avancde,  de  aeae  que  dans  les  essais  en  tangage  d i ■ 15* 

10*  sin  ut,  oO  le  tourbillon  prend  naissance  avant  que  I'incidence  n'ait  atteint  25*. 

En  ce  qui  concerne  la  courbe  des  aoaents  en  taais,  1 'allure  est  asset  diff6- 
rente  de  celle  observde  lorsque  le  profil  est  en  aouveaent  propre  de  tangage,  le  dtcro- 
chage  du  aoaent  dans  le  cas  du  taais  6tant  beaucoup  aolns  brutal. 

II  a 6t(  tent6  en  rapportant  la  coaposante  noraale  de  la  force  adrodynaaique 
d sa  valeur  aaxiaale  au  cours  de  la  pdriode  et  le  aoaent  d sa  plus  forte  valeur  aaxiaale 
au  cours  de  la  pdriode,  de  trouver  une  courbe  unique  d I'incidence  20*,  reprdsentative 
des  trois  valeurs  diffdrentes  de  X,  (0,74  ; 0,52  ; 0,37)  (fig.  26). 

On  note  que  la  courbe  X • 0,37  se  diffdrencie  netteaent  des  courbes  X~  0,74  et 

X • 0,52,  le  aoaent  ne  devenant  jaaais  cabreur  lorsque  X ■ 0,37  autreaent  dlt  : pour 

X ■ 0,37,  il  y a ddcrochage  du  aoaent  sur  toute  I'dtendue  de  la  pdriode.  L'analyse  ef- 

fectude  d des  incidences  de  16*,  18*  et  20*  a aontrd  qu'il  existe  une  bonne  resseablance 

entre  les  courbes  (FN/FN_.,  , M/(M)„.,),  pour  X«  0,74  et  0,52. 

BISX  HilA 

On  a notd  en  particulier  que  les  courbes  i ■ 20*  et  1 ■ 18*,  X • 0,74  et  0,52, 

sont  trds  sensibleaent  superposables,  principaleaent  autour  des  phases  correspondent  pour 

chacune  d'elles,  aux  valeurs  positives  du  aoaent  (aoaent  cabreur). 

De  sorte  que  I'on  peut  considdrer  que  I'une  de  ces  courbes,  par  exeaple  i-20*, 

X • 0,74  et  0,52  (fig.  26)  est  bien  reprdsentative  du  phdnoadne  de  recolleaent  dynaaique 
pour  le  profil  NACA  0012. 

Une  telle  reprdsentation  fait  d'ailleurs  ressortir  un  certain  noabre  de  carac- 
tdres  particuliers. 

Par  exeaple  on  volt  que  lorsque  I'on  fait  ddcrottre  le  aaxiaua  de  la  force 
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normale,  c'est>a-dire,  par  consequent,  le  detachement  du  premier  tourbillon  d'extrados, 
se  prodult  pour  une  position  du  profil  de  plus  en  plus  proche  de  sa  position  moyenne. 

D'autre  part,  si  pour  X • 0,74,  le  plus  grand  maximum  (en  valeur  absolue),  du 
moment,  se  produit  toujours  lorsque  dans  son  mouvement  retrograde  le  profil  passe  par 
sa  position  moyenne,  par  centre  lorsque  X est  inferieur  S 0,74,  le  deuxidme  maximum  est, 
pour  certaines  Incidences,  inferieur  au  premier.  C'est  le  cas  pour  les  trois  incidences 
considerees  pour  X ■ 0,37.  La  grandeur, (en  valeur  absolue)  du  maximum  est  liee  ft  I'in- 
tensite  du  tourbillon,  qui  en  est  la  cause.  C'est  dire,  par  example,  que  pour  i ~ 20* 
et  X - 0,74,  le  deuxieme  tourbillon  est  plus  intense  que  le  premier. 

6.  CONCLUSION 

Les  caractdres  principaux  du  phSnomine  de  recollement  dynamique  sur  le  profil 
NACA  0012,  en  mouvement  propre  de  tamls  3 grande  incidence,  dans  un  (coulement  uniforme, 
ont  bien  €t6  Studies  qualitativement  et  quantitativement,  grace  aux  mesures  effectuSes, 
du  torseur  des  forces  aSrodynamiques  globales  (P,  T,  M)  des  distributions  de  la  pression 
et  de  la  tension  de  cisalllement  et  gr&ce  aux  visualisations  de  I'Ccoulement  sur  I'ex- 
trados  du  profil  aux  diffSrents  instants  de  la  p^riode. 

Les  rCsultats  obtenus  sur  I'effet  hypersustentateur  ont  conduit  3 reprtsenter 
le  gain  de  portance  moyen  Co  « par  une  formula  empirique  faisant  intervenir 

les  paramStres  X,  k et  i,  I'effet  du  nombre  de  Reynolds  pouvant  etre  n^gligC  dans  la 
gamme  de  vitesse  envisag€e  ici.  Les  effets  instationnaires  ont  6jalement  pu  etre  6valu£s 
sur  les  rapports  et  en  fonction  de  ces  mimes  paramitres. 

Par  ailleurs,  1 'analyse  des  mesures  et  des  visualisations  fait  apparattre  une 
similitude  entre  les  ph6nomdnes  observes,  et  ceux  observes  dans  le  dCcrochage  dynamique, 
lorsque  le  mouvement  propre  du  profil  est  de  tangage.  En  particulier,  I'accroissement 
remarquable  de  la  portance,  au-del3  des  valeurs  qui  peuvent  etre  atteintes  en  regime 
stationnaire,  est  du  3 la  propagation  sur  I'extrados  du  profil  d'un  tourbillon,  du  bord 
d'attaque  au  bord  de  fuite. 

Dans  le  cas  du  mouvement  de  tamis,  ce  tourbillon  se  forme  et  se  propage,  tan- 
dis  que  le  profil  achSve  son  mouvement  3 centre  courant,avec  une  vitesse  tendant  vers 
z^ro.  Dans  le  cas  du  mouvement  de  tangage,  le  tourbillon  se  forme  et  se  propage  tandis 
que  1' incidence  croissante  se  rapproche  de  son  maximum  avec  une  vitesse  tendant  vers 
z€ro . 


Dans  les  deux  cas,  le  dScrochage  du  moment  se  produit  chronologiquement  avant 
le  dficrochage  de  la  portance.  Dans  les  deux  cas,  on  observe  la  propagation  de  deux  tour- 
billons  sur  I'extrados,  le  premier,  ainsi  qu'il  a 6t6  dit  plus  haut,  prenant  naissance 
au  bord  d'attaque,  tandis  que  le  second  prend  naissance  en  plein  regime  de  dCcrochage 
(mouvement  retrograde  du  profil  ou  incidence  dScroissante) , 3 I'abscisse  0,5c. 

Une  difference  importante  doit  etre  notee  cependant  ; elle  concerne  la  nature 
de  I'ecoulement  durant  le  recollement  de  la  couche  limite.  En  effet  dans  le  cas  du  mou- 
vement en  tangage,  la  maquette  passe  par  des  incidences  suffisamment  faibles  pour  attein- 
dre  un  recollement  que  I'on  pourrait  observer  ^galement  en  regime  stationnaire.  Alors  que 
dans  le  mouvement  de  tamis,  la  maquette  oscillant  a une  incidence  fixe  et  tris  sup€rieure 
3 1' incidence  de  d^crochage,  le  recollement  dynamique  conduit  3 une  couche  limite  pure- 
ment  Instationnaire . 
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Figure  11  : Distribution  des  coefficients  de  pression,  Cpinst  et 
Cpstat,  pour  i " 20*. 


Figure  12  : Distribution  des  coefficients  de  pression,  Cpinst  et 
Cpstat,  pour  i « 6*. 
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Figure  13  : Distribution  de  "tTnat/xstat,  pour  i ■ 6*  et  i ■ 20*. 


Figure  15  : Visualisation,  torseur  a^rodynamique,  coefficient  de 
pression  et  frottement  d ut  ■ 3 it/2. 


Figure  19  : Visualisation,  torseur  airodynanique,  coefficient  de 
pression  et  frottement  a wt  ■ 0.74  », 
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Figure  22  : Evolution  de  tinst/tstat,  4 i ■ 20*  intrados. 
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Figure  2S  : Mdcanisae  du  dCcrochage  dynaaique  sur  le  profit 
NACA  0012  (Mfdrence  16). 
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QBSIOH  CRITBRIA  FOR  THE  NOI-OCCURBBVCE  OP  HIOH  SPEED 
IfflSTEAOY  SEPARATION  ABOUT  CONCAVE  BODIES 
Dy 

A.a.  Fanaras 

Raad  of  AorodyBAaio*  Sootloa,  HAP  Tootaaology 
Rosoareb  Caatar,  Falaon  Phalaroa,  Athaaa^Oraaoa 


SUMMART 

TVo  Bodaa  of  laatabllity  hara  baas  obaairad  in  tha  unstaady  aaparatad  flow  about 
soma  faalliaa  of  axiayBBatrlo  ooaoaTO  bodlaa.  In  tha  "pulaatlon”  Boda  tha  oonieal  aapar- 
atioa  bubbla  pariodleally  infXataa  and  azpanda  radially.  In  tha  "oaoillation”  noda  tha 
oonioal  foraahoek  and  tha  aooaapanylng  ahaar  layar  oaoillata  latarally  and  thair  ahapa 
ohansaa  pariodioally  froa  ooneawa  to  oonvax.  By  aaana  of  tbaoratioal  arguaanta  and  an 
intarpratation  of  tha  azpariaantal  data  wa  hawa  ahovn  that  tha  pnlaation  aoda  ia  oauaad 
by  tha  foiaation  of  an  annalar  auparaonio  jat  at  tha  interaaotion  point  of  two  ahook 
anralopas  awidant  durina  a briaf  part  of  tha  oyola.  Additionally,  wa  hara  found  that  tha 
oaoillation  aoda  ia  aoat  probably  dua  to  tha  non-aatiafaotion  of  tha  raattaehaent  aaohaniaa 
ia  a aaanar  aaouring  aqnilibriua  of  tha  praaaura. 

Tha  knowladEo  of  tha  aaohaniaaa  whioh  induoa  tha  inatabilitiea  nakaa  poaaibla  tha 
dariwatioa  of  aoaa  daaigniag  oritaria  for  thair  non-ooouranoa.  Aa  far  aa  the  pnlaation  aoda 
la  oonoamad,  tha  oritaria  ara  oantarad  on  the  awoldanoa  of  the  interaaotion  of  tha  ahook 
aowelopaa  abora  tha  blunt  part  of  tha  bodiaa  or  on  the  non-produotion  of  the  auperaonie 
Jet.  For  the  oaoiUatidn  node  the  orlterla  are  quite  alaplei  the  ahoulder  of  the  body  haa 
to  be  properly  rounded. 


1.  INTRODUCTKHT 

Purpoaa  of  tha  praaant  paper  ia  tha  azaainatlon  of  the  higji-apeed  aewrated  flow  about 
oonoara  aodlea  of  ahape  aa  the  one  ahown  in  fig.  1.  By  proper  wariation  of  the  geonetric 
paraaatera  of  thia  aodel  body,  aany  intereating  faalllea  of  bodioa  are  derired. 


The  aplked  body,  that  ia  a blunt  axially  aynBotrio  body  equipped  with  a apike  protru- 
ding froB  ita  atagnatioa  point,  ia  the  ainplaat  and  yet  aora  extenaiToly  atndled  oonoara 
body.  Tha  Intaraat  in  tha  atudy  ia  due  to  tha  poaalbility  of  daaigning  a niaaile  of  con- 
trolled drag,  Juat  by  equipping  ita  noaa  with  a apika  of  rariabla  length. 

Aa  other  faailiaa  of  oonoara  bodiaa  of  praotioal  interaat  wa  aentlon  the  tanalon  ahalla 
taatad  by  Jonaa,  Buahnall  and  Runt  (Raf.l)  aa  poaaibla  Hartian  apaoaorafta  and  the  oonfi- 
gurationa  aohiared  by  ablation  noaa-oapa  of  aiaailea  during  re-entry,  whioh  hare  been  atu- 
died  by  Kenworthy  and  lioharda  (Ref .2).  ^ 

Aooording  to  the  experlBantal  arldenoe  the  flow  about  a oonoara  body  nay  be  attached  i 

or  aaparatad.  Tha  ahapa  of  the  oonprosslon  arc  ( bo  ),  fig.l,  of  the  body  ia  aoat  probably 
tha  oritioal  geoBatrio  paraBatar  for  the  ooouranoe  or  not  of  aeparatlon.  If  aeparation 
ooeura,  the  aatabliabed  flow  la  not  alwaya  ateady  but  it  nay  be  periodically  unateady.  Two 
diatinot  Bodea  of  inatability  hare  been  obaarred.  * 

In  tha  "pnlaation”  node  (flg»2a)  the  oonioal  aeparation  bubble,  whioh  ia  fomad  on 
the  oonoara  part  of  tha  body,  pariodioally  inflataa  and  axpanda  radially'.  In  tha  "oaoilla-  i 

tion*  aoda  tha  oonioal  foroahook,  whioh  anrolopa  tha  aeparation  bubble,  and  the  aoooapany-  | 

ing  ahaar  layer  oaoillata  laterally  and  thair  ahapa  ohangea'periodioaliy  froa  oonoara  to  ' 

eonrax  (fig.zb).  Tha  pnlaation  aoda  was  firat  obaarred  by  Mair  (Raf.3)  while  tha  oaoillation 
node  ^ Bogdonoff  and  Tas  (Raf.4).  Tha  taminology  ia  dua  to  Eaballtx  (Rof.8).  Tha  frequanoy  I 

of  both  nodaa  of  instability  is  rather  hi|^.  Tha  order  of  aagnituda  of  tha  raduoad  fraquenoy 

baaed  on  tha  dlaaetar  of  tha  afterbody,  ia  0.20. 

A physioal  explanation  of  the  instabilitiaa,  whose  aain  points  will  be  presented  here,  ! 

was  reoently  giran  by  tha  author  ia  Raf.S.  Tha  axlstaaea  of  this  explanation  nakaa  feasible  ! 

tha  amluatioa  of  tha  affaot  whioh  tha  gaonetrio  paraaatera  of  a oonoara  body  hara  on  tha 

daralopaant  of  tha  flow,  and  tha  dariratioa  of  aoaa  design  oritaria  for  the  aon-ooewrenoa 
of  tha  instabilities. 


2.  SZFLAHATIOI  OP  THE  INSTABIUTIES 

2.1  •Paleatinii  HaAm 

The  aaohsaisB  of  tha  pulsation  aoda  has  bean  dataotad  after  an  axaainatlon  of  tha 
daralopnant  of  the  flow  field,  hbont  a gaoaetry  aiallar  to  that  la  fig.l,  as  it  night 
aaan  if  tha  flow  starts  iapulsiraly  at  a auparaonio  Maoh  nu^ar.  Tha  inpnlsira  start  of 
tha  flow  has  bean  salaotad  not  only  baoausa  it  sianlatas  tha  starting  of  tha  operation  of 
tha  high  spaed  tuBBala.  It  has  also  been  salaotad  baoausa  a atudy  of  the  axparinantal 
data  raraais  that  at  tha  starting  phase  of  each  oyola  of  pulsation  tha  flow  conditions 
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prcTalllng  about  a conearo  body,  rosoablo  an  lapulslTO  flow  in  which  tho  ahoek  onTolopa 
retaina  a poaitlon  oorraapondlii«  to  an  Inriacld  flow  field.  By  uain^  azparinental  data  wa 
hara  ahown  that  the  inpulaiwa  nature  of  the  flow  field  la  due  to  the  Tlolent  radial  ezpan> 
aion  of  the  aeparation  bubble,  whloh  oooura  during  the  final  phaae  of  each  cycle  of  pulaa- 
tlon. 


An  aaauaption  concerning  the  geonetry  of  the  nodel  body  la  that  the  nean  inclination 
angle  6 « of  the  afterbody  mat  be  greater  than  the  conioal  detachnent  angle-correapondlng 
to  Mas  • Thia  condition,  according  to  the  experiaental  evidence  (Wood,  Ref .6),  ia  neca- 
aaary  for  the  flow  about  a concave  body  to  be  unateady. 

At  the  early  developmnt  of  the  Inpulaively  atarted  flow  about  the  nodel  body,  the 
flow  la  Inviaoid.  Thua,  with  the  flrat  flow  pulae,  the  weak  foreahook  SA  (fig.l)  and  the 
atrong  afterahook  AB  appear.  If  the  flow  ia  quaal-ataady  a ahock  diacontinulty  point.  A, 
a weak  ahook,  Ar,  and  a ahear  layer  Af  nuat  appear. 

Meanwhile,  the  boundary  layer  developa  along  the  forebody  and  it  aeparatea  at  the 
oonpreaalon  arc  ( bo  ) . The  ezlatenoe  of  the  ahook  diacontinulty  point  ia  tho  field  haa  a 
renarkable  effect  in  the  flow  developBe'<t  during  the  Inflation  of  the  aeparation  bubble. 

That  ia,  the  free-atrean  air  contained  in  the  atreantube  F (fig. 3)  paaaea  throu|^  the 
foreahook  and  ia  channeled  between  it  and  the  inflating  aurface  BA  of  tho  aeparation  bubble. 
Thia  r.hannaled  auperaonlo  air  ia  directed,  in  the  vicinity  of  the  ahock  diacontinulty 
point,  towarda  the  body  and  Inplngea  on  Ita  aurface'. 

The  direction  of  the  channeled  auperaonlc  air  la  defined  by  the  preaaure  foroea 
P>^eT*lling  in  the  adjacent  low  speed  regions.  As  we  have  already  nentloned,  a third  oblique 
shock  Ar  has  to  appear  for  the  equlllbrlun  of  the  flow  around  the  shock  discontinuity  point. 
Thia  ahook,  ia  the  case  of  a aon-separated  flow  extends  to  the  surfhee  of  the  body  and 
prevents  the  hl|^  pressure  air,  existing  behind  the  strong  shook  AB,  froa  flowing  into  the 
low  pressure  region  behind  the  oblique  foreshock  SA.  But  in  the  case  ezaalned  here  the 
growing  separation  bubble  causes  the  continuous  shortening  of  the  length  of  the  weak  shook 
Ar  and  its  consequent  detachnent  froa  the  aurface  of  the  body.  In  this  my,  the  annul ar 
supersonic  streaa  which  iapinges  on  the  surface  of  the  body  is  bounded  between  the  low 
pressure  region  of  the  separation  bubble  and  the  hiA  pressure  field  whloh  exists  behind 
the  strong  shook  AB  (fig. 3)'. 

This  difference  in  pressure  will  act  to  turn  Inmrds  the  annular  supersonic  streaa, 
in  the  direction  of  the  coapresslon  arc  ( be  ) of  the  body.  Thua,  a certain  fraction  of 
the  air  contained  in  tho  streantube  (F)  is  fed  into  the  aeparation  bubble.  This  air  is 
obaraoterized  by  a hi^  pressure,  which  is  due  to  the  appearance  of  a strong  detached 
shook  at  the  region  of  inplngeaent  of  the  annular  supersonic  streaa. 

But  as  the  voluae  available  for  the  expansion  of  the  aeparation  bubble  irtilch  is  filled 
with  high  pressure  air  is  limited,  the  foreshock  Itself  will  be  pushed  radially  outmrds 
and  will  eventTially  cover  the  afterbody.  If  the  pressure  in  the  aeparation  region  is  auoh 
higher  than  the  pressure  of  the  surrounding  free  streaa,  a radial  pressure  imbalance  exists 
and  a radial  expansion  will  occur.  On  the  contrary,  if  the  radial  pressure  iabalance  is 
saall,  no  reason  for  a radial  expansion  exists  and  the  excess  air  in  the  separation  region 
aay  expand  downstreaa  at  the  shoulders  of  the  body. 

According  to  the  experiaental  evidence,  when  the  conditions  for  the  occurence  of  the 
radial  expansion  sxlst,  the  foreshook  Inflates  abruptly  and  takes  a henlspherioal  shape. 
However,  as  this  hemispherical  strong  shook  is  due  to  the  expemsion  of  the  high  pressure 
air  contained  in  the  separation  bubble  and  not  to  the  existence  of  a proper  blunt  body 
ia  the  flow,  it  cannot  stand  there  attaohed  to  the  tip  of  the  forebody,  but  it  has  to 
approach  the  surface  of  the  afterbody.  Obviously,  as  the  strong  shook  moves  tomrds  the 
afterbody,  the  forebody  is  exposed  to  the  free  stream  and  as  a result  the  foreshook  must 
reappear.  Ve  note  that  at  this  phase  of  the  flow  development  no  separation  bubble  exists; 
hence,  simultaneously  with  the  appearance  of  the  conical  foreshock,  the  growth  of  the 
boundary  layer  along  the  surface  of  the  forebody  and  its  subsequent  separation  at  the  com- 
pression are  ( be  ) will  start. 

Obviously  the  reestablishment  of  the  initial  conditions  of  the  impulsively  started 
flow  leads  to  the  repetition  of  the  appearance  at  the  ahock  discontinuity  point  of  the 
anxutlar  supersonio  stream,  the  filling  of  the  separation  bubble  with  hi^  pressure  air,  eto. 
Ve  aay  say  that  the  pulsation  node  of  instability  has  been  established. 

Ihe  dependence  of  the  explosive  inflation  of  the  separation  bubble  on  the  appearance 
of  an  annular  supersonio  streaa,  at  the  vicinity  of  the  shook  discontinuity  point,  ia  a 
basic  requirement  of  the  above  analysis.  This  supersonio  streaa  acts  as  a supersonio  jet 
at  the  region  of  its  Inplngeaent  and  the  flow  at  the  vicinity  of  the  shook  discontinuity 

folnt  nay  be  vlemd  as  the  unsteady  counterpart  of  the  steady  type  I?  shook  formation 
fig.4)  observed  by  Bdney  (Ref .7). 

A fundamental  difference  is  that  the  Edney  IT  shook  formation  appears  only  when  the 
flow  beUnd  the  e^edded  shook  Ar  is  supersonio  and  this  condition  is  not  present  if  Mob 
is  low  (Ref .3).  However,  in  the  unsteady  flow  case,  the  supersonic  jet  seems  to  appear 
even  for  low  Ma>  . 

The  main  points  of  the  present  analysis  won  verified  by  an  eggperiaental  program. 
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conducted  In  the  Von  Karaan  Institute  hypersonic  ( M>6  ) H-3  tunnel.  The  models  studied 
were  spiked  flat-ended  cylinders  with  sharp  or  rotmded  shoulders  and  conoaTS  conic  bodies. 

The  hypothesis  of  the  Inpulslve  character  of  the  flow  at  the  starting  phase  of  the 
pulsation  mode  was  verified  with  a series  of  sohlleren  photographs  of  the  flow  field 
about  a spiked  cylinder  of  relatively  large  diameter  (da46  mm).  These  photographs  also 
revealed  the  formation  of  the  supersonic  jet  at  the  intersection  of  the  weak  foreshock 
and  the  strong  aftershock. 

After  the  optical  detection  of  the  supersonic  jet,  we  performed  sublimation  testa. 

At  the  region  of  the  surface  where  the  supersonic  jet  impinges,  the  sublimation  material 
disappeaured  and  a dark  ring  was  formed. 

Finally,  the  existence  of  the  supersonic  jet  was  detected  indirectly  by  pressure 
measurements.  The  amplitude  of  the  pressure  fluctuation  at  the  face  of  the  afterbddy  at 
r/RaO.25  was  measured  with  a flush  mounted  Kistler  601A  piezo-electric  transducer.  This 
amplitude  was  found  to  be  Independent  of  spike  length.  If  we  normalize  the  measured  value 
of  the  pressure  amplitude  ( AP)  by  the  pressure  p^  behind  the  strong  shook  AB  we  find  : 


This  shows  that  the  fluctuation  of  the  pressure  in  the  separation  region  is  greater 
than  the  pressure  behind  the  strong  shook  and  consequently  the  air  which  fills  the  dead- 
air  region  cannot  have  come  from  the  adjacent  subsonic  region,  but  actually  comes  thro\2|^ 
the  conical  shook  wave  and  is  compressed  at  the  Impingement  region. 

2.2  Oscillation  Mode 


The  rapid  addition  of  high  pressure  air  in  the  growing  separation  bubble  and  its 
consequent  radial  expansion  are  the  peculiar  characteristics  of  the  pulsation  node.  How- 
ever, the  geometry  of  the  body  may  be  such  that  during  the  hypothetical  impulsive  start 
of  the  flow  the  inflating  separation  bubble  may  cover  the  afterbody  before  a considerable 
amount  of  high  pressure  air  is  trapped  within  the  bubble.  If  this  happens  the  flow  develops 
as  steady  separated  or  as  am  unsteady  one  of  the  oscillation  mode.  According  to  the  expe- 
rimental evidence,  the  oscillation  mode  appears  when  : 

a.  The  mean  inclination  angle  of  the  afterbody  is  greater  than 'the  detachment  angle. 

b.  The  length  of  the  forebody  is  smaller  than  a critical  value. 

c.  The  shoulder  of  the  afterbody  is  sharp  (small  or  zero  radius  of  curvature). 

The  above  special  geometric  characteristics  have  a significant  effect  on  the  develop- 
ment of  the  sepcu'ated 'flowi  if  the  flow  were  steady,  both  the  separation  and  reattachment 
points  would  be  fixed.  The  shear  la3rer  would  begin  at  the  tip  of  the  forebody  and  it  would 
reattach  on  the  sharp  edge  of  the  afterbody  (tip  separation  and  shoulder  reattachment, 
fig.5). 

The  determination  of  the  dead-air  region  pressure  solely  by  the  free-stream  conditions 
and  the  inclination  of  the  conical  surface  ( F in  fig. 5 ) which  envelops  the  concave  part 
of  the  body,  is  one  significant  result  of  the  combined  tip  separation  and  shoulder  reatta- 
chment. Neither  the  free-lnteractlon  equation  nor  the  reattachment  relation  of  Chapman 
(Ref .9)  participate  in  the  determination  of  the  flow  conditions  in  the  separation  region. 
This  is  obvious  from  the  following  relations  (fig. 9)  t 


Ve  note  that  for  a sharp  shoulder  (p<c(0S)  ) the  separation  cmgle  a'  , which  dotox'- 
mlnes  the  dead-air  pressure  becomes  insensitive  to  small  variations  of  the  reattachment 
angle  6 . 

The  forementloned  relations  may  be  Interpreted  in  another  way.  If  the  reattachment 
point  moves  sllj^tly  downstream  of  the  equilibrium  position  (l.s.  values  of  6 smaller 
than  the  one  required  for  equilibrium)  and  the  shoulder  is  sharp,  air  from  the  dead-air 
region  will  escape  downstream.  On  the  contrary,  if  it  moves  slightly  upstream  of  the 
equilibrium  point  (l.e.  values  of  6 greater  than  the  required  for  equilibrium)  air  from 
the  external  part  of  the  shear  layer  will  turn  inwards  at  the  reattachment  region.  Fur- 
thenore  we  observe  that  if  the  velocity  gradient  of  the  outer  part  of  the  shear  layer  is 
large,  then  the  pressure  gradient  at  tte  reattachment  region  is  also  large  and  the  Inwards 
turning  of  the  shear  layer  is  more  easy. 

In  the  case  examined  here  the  separation  starts  at  the  tip  of  the  body  and  the  length 
of  the  shear  layer  is  not  free  to  be  determined  by  the  coupled  separation  and  reattachment 
mechanisms  but  is  physically  restricted  because  of  the  limited  length  of  the  forebody. 

Thus  the  velocity  gradient  of  the  outer  part  of  the  shear  layer  is  the  larmst  possible. 
This  conclnsion  comes  from  an  examination  of  the  tip  separation  analysis  of  Chapman 
(Ref .9, 10).  According  to  his  analysis  a shorter  shear  layer  has  a larger  velocity  gradient 
( 0n/9F)  because  the  thickness  of  the  shear  layer  grows  parabolloally  with  Inoreaslng 
len^^h,  while  its  velocity  profile  remains  slular  at  different  streamwise  stations. 

A conclusion  of  the  above  maalysis  is  that  the  sharpness  of  the  shoulder  of  the  after- 
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'body  iB  ooajuotion  with  high  Taluoa  of  tlw  velocity  gradient  of  the  ahdar  layer  aeea  to 
he  the  reasons  for  the  observed  addition  of  air  oonlng  ftom  tbs  reattaelasnt  region  to 
the  separation  bubblOf  during  the  Initial  phase  of  an  oscillation  node  of  Instability. 

This  hypothesis  is  supported  hy  experlnental  evidence. 

According  to  the  above  analysis,  If  the  radius  of  the  shoulder  Is  large,  snail  changes 
In  the  position  of  the  reattaofaasnt  point  do  not  Induce  unstable  conditions  and  an  equlll- 
brluB  nay  be  reached.  Indeed  testing  spiked  flat-ended  cylinders  and  conic  concave  bodies 
with  rounded  shoulder  ve  have  foimd  that  a flow  which  should  otherwise  be  unsteady  of  the 
oscillation  node  is  stabilised  by  a very  snail  rounding  of  the  shoulder. 

The  significance  of  the  velocity  gradient  of  the  shear  layer  Is  concluded  fron  the 
observation  that  the  oscillation  is  established  when  the  length  of  the  shear  layer  ( or 
equivalently  of  the  forebody  ) is  snail  and  it  ceases  when  the  length  increases  above  a 
critical  value. 

Though  the  shook  discontinuity  point  does  not  participate  in  the  forcing  neohanlsn 
of  the  oscillation,  still  the  position  of  the  foreshock  is  critical  for  the  definition  ' 
of  the  anplltude  of  the  Instability.  In  our  ezperlnents  we  observed  that  if  the  foreshock 
envelops  the  afterbody  the  amplitude  of  tbs  osoillation  Is  small  anl  the  flow  stabilizes 
for  a shorter  forebody  length. 


3.  FACTORS  AFPECTIIO  THE  BEHAVIOUR  OP  PLOW 

3.1  The  Quantitl  of  the  Air  Trapped  In  the  Separation  Bubble 

The  fundamental  element  of  otir  analysis  is  the  Influence  of  the  shook  discontinuity 
point  on  the  behaviour  of  the  flow.  The  existence  of  such  a point  initially,  that  Is 
before  the  appearance  of  the  separation  bubble,  above  the  afterbody  is'the  necessary  but 
f;  not  the  sufficient  condition  for  the  occurrence  of  imsteady  separation.  Basic  for  the 

development  of  the  flow  Is  the  appearance  or  not  of  the  supersonic  jet.  If  it  appears 
the  flow  does  not  "feel”  the  geometry  of  the  shoulder  and  so  even  if  the  shoulder  can 
aooomodate  a steady  reattachnent  (large  radius  of  curvature),  the  flow  will  pulsate.  On 
the  contrary,  If  the  supersonic  jet  does  not  appear,  the  flow  feels  the  shoulder  geometry 
and  If  the  shoulder  is  sufficiently  rounded  the  flow  develops  as  a steady  one. 

The  force  which  induces  the  unsteadiness  is  nass  addition  in  the  conical  cavity  of 
limited  volume  behind  the  foreshock.  The  effect  of  the  size  of  this  volume  in  the  behaviour 
of  the  flow  nay  be  understood  if  we  examine  the  mass-addition  phase  of  the  cycle  of  the 
pulsation  mode.  As  we  have  mentioned  In  section  2.1,  during  this  phase  the  foreshock  it- 
self is  pushed  radially  outwards  and  eventually  covers  the  afterbody.  This  oan  be  clearly 
seen  in  seblleren  pictures  of  the  flow  field.  In  order  for  the  radial  expansion  of  the 
separation  bubble  to  occur,  an  expansion  that  is  an  essential  eleawnt  for  the  establishment 
of  tbs  pulsation  mode,  the  air  trapped  in  the  bubble  must  have  a pressure  much  hij^er  than 
the  pressure  of  the  surrounding  free  stream.  It  is  obvious  that  tbs  greater  the  oonlcal 
volume  behind  the  foreshock,  available  for  the  growth  of  the  separation  bubble,  the  lower 
the  pressure  of  the  trapped  air  and  the  lower  the  possibilities  for  the  occurrence  of  the 
pulsation  nods. 

Thus,  if  the  mass  of  the  added  air  can  be  controlled  the  unsteadiness  of  the  flow 
may  be  avoided.  The  control  of  the  added  air  may  be  performed  by  application  of  suction 
(l.e.  perforation  of  the  surface  and  conmunioatlon  with  a low  pressure  region),  by  pro- 
vision of  a large  oavity  for  the  conveyance  of  the  initially  added  air,  or  by  proper 
design  for  the  downstream  escape  of  the  added  air. 

„ the  case  of  the  large  oavity  we  mention  a special  test  performed  by  Loll  (Ref .11) . 

Varying  the  dead-air  region  volume  of  a spiked  flat  oylinder,  by  cannectlng  it  throiigh  a 
oonesntrlo  hole  with  the  inner  part  of  the  (hollow)  oylinder.  Loll  found  that  for  suffi- 
cient oylinder  volume  the  flow  Instead  of  pulsating  became  steady. 

The  way  the  design  of  non-axlsynmetrlo  devices  affects  the  establishment  of  large- 
scale  unsteady  separated  flows,  is  illustrated  in  fig.S  and  7a. 


Pig. 6 shows  a sketoh  of  the  interaction  flow  field  past  a blunt  fin  on  a surface, 
according  to  Eaufhan,  Korkegl  and  Morton  (Ref .12) . The  fin  bow  shook  causes  the  boundary 
layer  to  separate  from  the  surface  ahead  of  the  fin,  resulting  In  a separated  flow  region 
composed  of  horse-shoe  vortices  near  the  surface  and  a lambda  type  shook  pattern  la  the 
plane  of  symmetry  ahead  of  the  fin.  The  experiments  revealed  that  the  flow  was  very  un- 
steady, with  the  separation  point  moving  upstream  and  downstream.  The  unsteadiness  tea 
been  attributed  to  the  scavenging  action  of  the  horse-shoe  vortices. 

It  is  clear  that  because  of  the  small  thickness  of  the  fin,  the  air  which  is  added 
at  the  reattaohment  to  the  separation  region.  Instead  of  increasing  the  volume  of  the 
separated  region  and  Inducing  the  movement  of  the  reattachasnt  point  towards  the  end  of 
the  fin.  It  escapes  downstream  and  there  appecurs  the  apparently  strange  ease  of  a shear* 
layer  face  reattaohment  on  a 90"  surface. 

Althou^  the  action  of  the  shook  intersection  points  (one  for  the  tip  shock  sad  one 
for  the  separation  shook)  Is  intense  (peak  pressures  end  heating  rates  at  the  shook  Im- 
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ping«i«nt)  It  has  no  affeot  on  the  separation  region,  as  the  points  lie  outwards,  far  froa 
it. 


On  the  contrary,  in  fig.7a  we  see  the  model-spatce  shuttle  of  Goldaan  and  Obrenski 
(Ref .13),  in  zero  inoidenoe  and  with  the  flap  extended  more  than  required  for  the  genera- 
tion of  a strong  aftershock.  Although  the  width  of  the  flap  is  limited,  not  all  the  air, 
which  is  added  at  the  reattachment  because  of  the  pressiire  imbalance,  escapes  downstream 
from  the  sides  of  the  flap,  and  consequently  the  separation  region  extends  to  the  maximum 
possible  and  the  flow  oscillates. 

On  non-8Uclsyiatetrio  configurations,  as  the  abore  space-shuttle  flap,  or  on  axisyie 
trio  oonoaye  bodies  in  sufficient  inoidenoe  angle,  the  pulsation  node  of  instability  will 
certainly  not  appear  at  all,  as  the  hl|^  pressure  air  can  escape  sidewards. 

One  typical  example  of  pulsating  two-dimensional  flow  is  included  in  Ref .3.  In  his 
pioneer  work  Mair  has  not  only  studied  axisynetrio  spiked  cylinders  but  also  similar 
two-dimensional  devioes,  i.e.  double  forward  steps  having  small  ratio  of  the  horizontal 
protruding  plate  to  the  height  of  the  step  ( l/b  ) . The  plates  were  extended  laterally 
from  wall  to  wall,  preventing  the  air  to  escape  sidewards.  For  small  values  of  the  para- 
meter lAi  the  flow  presented  the  typical  Inflation  and  expansion  of  the  separation  bubble 
which  oharMterlze  the  pulsation  mode. 

In  the  proposed  physical  explanation  of  the  pulsation  mode  a point  of  fundamental 
importance  is  the  extent  of  the  separation  bubble.  As  it  has  been  shown  in  Ref .3,  if  a 
steady  separated  flow  is  established  about  the  model  body,  then  the  separation  region 
covers  all  the  concave  part  of  the  bodyt  the  shear  layer  reattaches  on  the  shoulder  of 
the  body  and  never  on  the  conical  part  of  the  afterbody.  Thus,  as  the  bubble  grow,  during 
the  early  development  of  the  impulsive  flow,  the  embedded  shook  Ar  (fig.3)  intersects  the 
shear  layer  which  bounds  the  separation  bubble.  This  intersection  causes  the  flowing  of 
the  hij^  presstire  air  (supersonic  jet)  into  the  bubble  and  its  subsequent  radial  expansion. 

But  in  other  families  of  bodies  there  exists  the  possibility  for  the  shear  layer  to 
reattach  on  the  main  part  of  the  body  and  not  on  its  shoulder:  hence  it  may  be  possible 
for  the  impinging  shook  Ar  not  to  Intersect  the  shear  layer  before  its  reattachment. 

As  an  illustration  in  fig.To  the  flow  pattern  about  the  model-spaoe  shuttle  of 
Goldman  and  Obrenski  is  shown,  with  the  flap  down  but  also  in  inoidenoe.  Goldman  and 
Obrenski  observed  that,  as  far  as  the  Impinging  shook  Ar  meets  the  surface  at  the  region 
of  reattaohment  of  the  shear  layer  or  upstream  of  it,  the  shear  layer  and  the  impin^ng 
shook  exhibit  periodic  excursions  about  a mean  position,  while  the  flow  stabilizes  for 
intersection  downstream  of  the  reattaohment. 

The  material  presented  in  this  section  indicate  the  significance  of  the  existence  of 
an  intersection  point  between  a weak  and  a strong  shook  in  a separated  flow,  as  far  as  the 
condition  ( steady  - unsteady  ) of  the  flow  is  concerned.  If  the  pulsation  nods  occurs  the 
whole  flow  field  is  disturbed  by  the  periodic  explosive  expansion  of  the  separation  bubble, 
and  the  life  expectancy  of  the  vehicle  may  be  serloxisly  affected  by  the  interaction  of  the 
flow  with  the  structure.  If  the  conditions  are  not  proper  for  the  establishment  of  the 
pulsation  node,  the  amplitude  of  the  established  instability  is  smaller  and  the  aeroela- 
stleity  problems  may  be  less  oritioal.  However  in  this  case  the  shock  discontinuity  point 
nay  be  constantly  visible  (oscillation  node  excluded).  Then  the  supersonic  jet  impinges 
continuously  on  a certain  part  of  the  structure.  Thus,  the  well  known  problem  of  the  de- 
struotlve  heating  of  the  surface  (Ref .12),  whloh  was  first  investigated  by  Edney  (Ref .7), 
appears. 

3.2  the  Position  of  the  Shook-Disoontinuitv  Point  and  of  the  Qeometry  of  the 

The  effect  of  the  initial  position  of  the  shook  discontinuity  point  on  the  behaviour 
of  the  flow  nay  be  concluded  from  the  already  mentioned  observation  that  the  foreshock  it- 
self is  pushed  radially  outwards,  during  the  mass-addition  phase  of  the  pulsation  mode. 

This  pushing  out  happens  because  a fraotion  of  the  quantity  of  the  air  wnioh  is  fed  in  the 
separation  bubble,  from  the  supersonlo  Jet,  is  diffused  in  the  region  of  the  shook  discon- 
tinuity point. 

It  is  evident  that  the  nearer  the  shook  discontinuity  point  lies  to  the  surface  and 
to  the  shoulder  of  the  afterbody,  the  faster  it  will  be  pushed  radially  outwards t and  the 
smaller  the  quantity  of  the  trapped  air  will  be  (fever  possibilities  for  the  occurrence 
of  pulsation). 

The  signlflcamoe  of  the  dlstanoe  of  the  shook  discontinuity  point  from  the  surface 
of  the  afterbody,  or  equivalently  of  the  stand  off  dlstanoe  of  the  strong  aftershook,  is 
lUastratsd  la  flg.8.  From  existing  data  we  show  for  Mach  auhber  6 and  1.96  tbs  position 
of  the  initial  simk  interseotioa  point  for  the  noa-ooourrenoe  of  the  pulsation  mode  of 
instability.  For  Nos >6,  thon^  the  point  is  fhr  from  the  shoulder  of  the  body  (r/)M).72) 
the  iasthbility  has  chsnged  from  the  palsatioa  into  the  oscillation  node,  while  for 
Na>*l*96  the  p^satioa  mode  persists  though  the  shock  discontinuity  point  lies  above  the 
edge  of  the  shoulder  of  the  eyliader. 


The  effect  of  the  initial  position  of  the  shock  discontinuity  point  relatively  to 
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the  shouldar  of  ttao  aftort>od7  tau  boon  studlod  •zporiaontally  at  tha  TXI  Ma«h  6 B-3 
tunnol.  Tot  spikod  oylindora  and  for  a oonstaat  Haoh  nuabor.  tha  initial  poaition  of  tha 
shook  discontinuity  point  is  affaotad  by  tha  spika  lan^h,  tha  shapa  of  tbs  spika  tip 
and  tha  dianatar  of  tha  spika.  If  tha  spika  langth  is  inoraassd  tha  shook  disoontinulty 
point  novas  outwards  towards  tha  shouldar  of  the  oylindar.  Thus  by  inoraasina  tha  spika 
lan^h  one  nay  study  tha  affaot  of  tha  initial  position  of  tha  shook  point.  Aottially,  for 
aaob  Maoh  nuSbar  and  Reynolds  nuhbar  there  exists  a oritioal  spika  lan^h  beyond  whioh  tha 
flow  turns  froo  pulsating  into  osoillating. 

Howavar  by  inorauing  tha  spika  lan^h  not  only  tha  shook  disoontinulty  point  novas 
outwards  but  also  tha  voluna  bahind  tha  foreshook  is  inoraassd.  In  order  to  isolate  tha 
affect  of  tha  position  of  tha  shook  discontinuity  point  wa  have  tasted  flat-andad  cylin- 
dars  aquippad  with  spikas  of  constant  dianatar  and  of  oonloal  tips  of  variable  angle. 
Tasting  stap  by  stap  wa  naasurad  tha  spika  length  for  which  tha  pulsaticn  turns  into 
oscillation.  The  results  are  plotted  in  fig.9  and  conflm  our  hy^thesis  of  tha  inportanca 
of  the  initial  position  of  tha  shook  disoontianity  point  in  datamlnlng  tha  typa  of  tha 
flow. 


Furthamora  tasting  spiked  oylinders  with  roundad  shoulders  wa  discovered  that  as 
long  as  tha  initial  shook  disoontinulty  point  lies  above  the  flat  part  of  tha  forabody 
tha  flow  pulsates,  while  when  it  approaches  tha  shoulder  of  tha  body  tha  flow  oscillates 
or  baoonas  steady.  As  wa  have  nentionad  in  section  2.2  tha  radius  of  curvature  of  the 
shoulder  is  the  gsonetrlo  pcuraaatsr  that  stabilizes  tha  oscillation  node. 

Another  gaonatrlc  paranatar  which  affects  the  davalopnant  of  tha  flow  is  tha  noan 
inclination  angle  of  the  forabody  (angle  6#  in  f ig.l) . Surveying  tha  axparlnantal  data 
(Raf.2,5,14)  wa  disoovarad  that  there  is  a^imit  of  for  which  tha  occurrence  of  tha 
pulsation  node  of  instability  for  any  forabody  langth'ls  not  possible.  This  limit  was 
found  to  lie  between  6.-60®  to  70*.  For  80“  tha  ideation  appears  regularly  whila  for  70* 
tha  flow  oscillates. Tha  data  cover  a range  of  Ma> to  18.  Most  probably  this  limit  exists 
because  for  a constant  Mach  number  tha  stand  off  distance  of  tha  aftershock  is  decreased 
and  tha  shock  discontinuity  point  approaches  the  surface,  if  tha  cone  angle  of  tha  after- 
body is  decreased. 

Finally,  tripping  tha  boundary  layer,  by  covering  the  tip  of  the  spike  of  spiked 
cylinders  with  sand  or  metallic  particles  proved  very  effective  in  reducing  the  critical 
length  of  the  spike  for  the  elimination  of  the  pulsation  mode. 


4.  SESIOR  CRITERIA  FOR  THE  HON-OCCURREHCE  OF  LAROE  SCALE  INSTABILITIES 

4.1  Effect  of  the  Geometric  Parameters  of  the  Body  on  the  Behaviour  of  the  Flow 

The  knowledge  of  the  effect  of  each  geometric  parameter  of  a concave  body  on  the 
behaviour  of  the  flow  is  neoessary,  if  an  optimization  of  the  body  is  desired,  for  the 
non-occurrenoa  of  a large  scale  \insteady  flow  (pulsation  - oscillation).  In  this  section 
a classification  of  the  subject  will  be  dona.  Tha  main  geometric  peuameters  of  a concave 
body  are  shown  in  flg.l.  They  affect  the  flow  field  as  follows  : 

a.  The  forebody  angle,  , its  length  1 and  the  shape  of  the  tip  of  the  body  determine 
the  initial  position  of  the  foreshook  and  approximately  of  the  shock  discontinuity  point. 

By  the  term  "initial"  we  mean  the  position  the  oori'espondlng  to  an  invlscid  flow  field. 

We  remind  that  aocording  to  the  experimental  evidence  due  to  the  explosive  character  of 
the  radial  expansion  of  the  separation  bubble,  the  flow  field  at  the  starting  phase  of  the 
pulsation  mode  is  almost  identical  with  the  initial  one  of  an  impulsively  started  flow. 

b.  The  length  of  the  forebody,  1,  affects  significantly  the  behaviour  of  the  flow.  If 
the  flow  is  unsteady  there  exists  a oritioal  value  of  this  parameter  beyond  trtiloh  a steady 
separation  is  established.  In  case  of  bodies  with  a slender  forebody  and  a sharp  shoulder 
an  approximate  estimation  of  this  critical  value  may  be  performed  by  using  the  free-inte- 
raction  analysis  of  Chapman  et  al.  (Ref .9).  The  oaloulatlon  consists  of  the  estimation  of 
the  length  of  the  forebody  required  for  the  establishment  of  a tip  separation,  assuming  a 
shoulder  reattaohment  (fixed  reattachment  point).  If  the  actual  forebody  length  is  greater 
than  this  critical  lan^h  then  the  separation  is  steady  independently  of  the  values  of  the 
other  geometrio  parameters.  The  oaloulatlon  procedure  is  included  in  Ref .9. 

o.  The  form  of  the  compression  arc  ( be  ) determines  whether  the  flow  seMrates  or  re- 
mains attached.  In  the  present  analysis  we  have  assumed  that  the  geometry  of  the  bo^  is 
such  that  separation  occurs. 

d.  The  mean  inclination  angle,  6,  • of  the  surface  of  the  afterbody  is  a oritioal  para^ 
meter.  If  the  shook  disoontinulty  point  Initially  lies  above  the  ourve  ( bod  ) and  6,  is 
greater  than  a oritioal  value,  whose  theoretical  oaloulatlon  is  not  possible  at  the  present 
time,  the  flow  will  most  probably  be  unsteady  of  the  pulsation  node.  If  6,  is  smaller  than 
the  oritioal  value  but  greater  than  tha  oonloal  detachment  somlanglo,  tha  flow  may  be  steady 
or  unsteady  of  the  oscillation  mods,  depending  on  the  existenoe  or  not  of  rounded  shoulder 

( de  ).  An  empirical  value  for  the  oritioal  6,  is  70*,  which  is  valid  for  a Maoh  number 
greater  than  S. 

e.  The  radius  of  curvature,  p , of  the  shoulder  is  the  parameter  that  stabilises  the 
osoillation  mode.  In  our  testa  the  radius  P/d  ■ lAO  proved  effootive  in  stabilising  the 
laminar  flow  (Reynolds  number  based  on  the  diameter  of  the  body  equal  to  IL.  ■ 5 x lO^  ) 
which  should  otherwise  be  oscillating,  while  the  radius  P/d  ■ 1/15  proved  ineffeotive. 

The  order  of  magnitude  of  the  oritioal  radius  of  curvature  nay  also  bo  concluded  from 
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A radius  of  ths  shoulder  of  the  oonoave  biconlo  aodel,  equal  to  P/d  ■ 1/8,  was 
suffleient  for  the  stahlliutloa  of  the  separated  flow  at  M ■ 1$,  and  R..  * 2.5  x 10^ 
while  a radius  of  P/d  ■ 1/22  was  not  so.  If  ths  radius  of  ourrature  ia*°groater  than  the 
orltleal  ralue  and  the  shook  discontinuity  point  lies  above  the  shoulder,  tte  flow  is 
steady,  independently  of  the  value  of  the  an^le  6^. 

4.2  Design  Criteria 

nie  design  criteria  whloh  follow  have  a qualitative  rather  than  a quantitative  value. 
They  nay  be  used  as  a guideline  for  the  experimental  optinisation  of  the  shape  of  a spe- 
cific oonflguration. 


The  pulsation  mode  may  not  oeour  if  the  shook  dlsoontinulty  point  at  its  initial  po- 
sition lies  above  or  outwards  of  the  shoulder  of  the  body,  or  if  the  supersonic  jet  is 
not  produced. 

1.  The  initial  position  of  the  shook  discontinuity  poinb  is  approximately  controlled 
by  the  position  of  the  foreshock  and  it  may  be  affected  by  : 

a.  Proiwr  design  of  the  forebody.  A spiked  cylinder  is  shown  in  fig.  10,  as  an  exam- 
ple. If  the  spike  is  thick  and  flat  ended,  the  foreshock  envelops  the  cylinder  for  saaller 


spike  lengths,  than  when  it  is  thin  and  cone-tipped.  For  Noo*^,  we  found  experimentally 
that  for  a spike/afterbody  diameter  ratio  equal  to  lAO  the  flow  becomes  steady  for  flat 
ended  spikes  at  length  l/d>1.9  while  for  cone  capped  spikes  of  senlangle  at  len^h 

\/A™2.0  9 

It  the  speeds  are  low  supersonic  this  critical  length  may  become  considerably 
small.  However,  the  effect  of  the  optimization  of  the  shape  of  the  forebody  will  become 
very  small  at  hl^  hypersonic  speeds,  where  the  foreshock  lies  very  near  to  the  surface  of 
the  forebody. 

b.  Air  injection  into  the  dead-air  region.  If  air  is  continuously  injeeted  at  the 
base  of  the  forebody,  a nearly  conical  region  is  formed  at  the  area  of  injection  and  the 
foreshock,  feeling  this  region  as  a solid  body,  may  be  displaced  outwards.  Wood  (Ref.6) 
observed  at  Ma>«10  that  on  a spiked  flat  cylinder  a mass  injection  ooefAolent  (m/asUgaS) 
of  only  0.06  was  sufficient  to  hange  the  spike  length  on  the  irasteady  boundary  from  2.3 
1.2  body  diameters.  The  symbol  S denotes  the  oross-ssction  of  the  cylinder. 

2.  The  non-production  of  the  supersonic  jet  is  affected  by  t 

a.  The  value  of  the  mean  inclination  angle  of  the  afterbody.  If  this  angle  is  lower 
than  a critical  value  the  pulsation  mode  does  not  occur.  The  experimental  evidence  indi- 
cate that  for  M ^ 6 this  value  is  about  70* . 

b.  The  quantity  of  the  air  added  by  the  supersonic  jet  in  the  separation  bubble.  This 
quantity  may  be  controlled  as  it  is  cited  in  section  3.1. 

o'.  The  condition  of  the  shear  layer  whloh  envelops  the  separation  bubble.  The  tripping 
of  this  shear  layer,  by  means  of  surface  roughness,  is  effective  to  an  extent  to  suppress 
unsteadiness. 


The  occurrence  of  the  oscillation  mode  can  be  avoided  quite  simply,  just  by  proper 
rounding  of  the  shoulder  of  the  afterbody.  The  minimum  radius  of  curvature  for  the  stabl- 
lintlon  of  the  flow  cannot  be  predicted  theoretically  by  this  analysis.  The  value  P/i  m 
l/lO  may  be  used  as  a starting  value  for  an  experimental  optimization  of  the  flow  field. 

On  non-axlsymmetrio  configurations  the  pulsation  mode  does  not  oeour  because  the  hl{^ 
pressure  air,  which  induces  the  radial  expansion  of  the  separation  bubble,  can  escape  si- 
dewards. Thus,  it  is  enough  to  optimize  the  shoulder  shape.  As  an  application  in  fig.Tb 
the  flow  field  about  the  model-space  shuttle  of  Ooldman  and  Obrenski  is  shown,  as  it  has 
to  be  if  the  edge  of  the  flap  is  properly  rounded. 


5.  COHCLUSIONS 

1.  "Pulsation"  and  "oscillation"  are  the  terns  describing  two  distinct  modes  of  the 
unsteady  flow  idiioh  exists  in  the  hl^  speed  flow  about  a oonoave  body  for  some  specific 
combinations  of  the  geometric  parameters  of  the  body.  The  experimental  evidence  indicates 
that  the  governing  mechanisms  of  those  two  instabilities  are  quite  different. 

2.  In  the  pulsation  node  the  flow  field  is  strongly  disturbed  by  the  hi^-frequency 
periodic  explosive  expansion  of  the  separation  bubble  mioh  appears  at  the  concave  part 
of  the  body.  Ve  have  shown  that  the  pulsation  is  caused  by  the  formation  of  an  annular 
supersonic  jet  at  the  intersection  point  of  two  shook  envelopes  evident  during  a brief 
part  of  the  cycle.  Thus  the  signlfioanoe  of  the  existence  of  a shook  interse^lon  point 
between  a strong  and  a weak  shock  is  apparent  once  more.  In  this  case  a shook  intersection 
point  between  a strong  and  a weak  shock  does  not  only  induce  local  hl^  heating  of  the 
structure  of  a configuration,  in  case  the  flow  is  steady  or  unsteady  of  small  amplitude | 
it  may  equally  well  induce  a large  scale  instability.  The  knowledge  of  the  meohanlsm  of 
the  pulsation  makes  possible  the  detexmination  of  the  effect  of  each  geometric  parameter 
of  a oonoave  body  and  the  derivation  of  some  rather  qualitative  design  criteria  for  tte 
non-ooourrenoo  of  the  instabilities  (avoidance  of  the  intersection  of  tte 'shook  envelopes 
above  the  blunt  part  of  the  body  or  non-production  of  ths  supersonic  jet) . 

3.  The  oseillatioa  mode  appears  if  the  generation  of  the  supersonic  jet  is  not  possi- 
ble, for  reasons  explained  in  the  text,  and  If  the  length  of  the  forebody  is  not  enou^ 
for  ths  establishmsnt  of  a free  - interaction  type  of  separation.  Additionally  ths  shoulder 
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Of  thi  aftorbodf.  vhort  the  shear  layer  reattaohas,  must  be  sterp.  Foroina  aeohaiiiaB  of 
the  osoillatloa  has  been  shovn  to  be  the  aon-satlsfaetlon  of  the  reattaohnent  Mehaalsn 
in  a Banner  seonrlng  the  equllibrluB  of  the  pressure;  This  hypothesis  is  stroiwly  suppor- 
ted by  the  experiaental  obsenration  that  a rery  aaall  rounding  of  the  shoulder  of  the  body, 
vfaloh  reduces  the  looal  pressure  gredlentSf  stabilises  the  otherwise  osoillating  flow. 

4.  Soae  oritioal  points  of  the  analysis,  such  aa  the  effect  of  the  saxianB  toIubo  of 
the  oonioally  shaped  separation  bubble  and  of  the  mean  inolination  ai^e  of  the  afterbody 
on  the  behanrlour  of  the  flow,  need  to  be  further  Inrestigated.  Ve  hope  that  the  aaterial 
of  this  paper  will  stinulate  further  systeaatie  testing,  so  that  soae  details  of  the  ae- 
ohanlsBs  will  be  olarified,  in  the  task  of  dereloping  aathsaatioal  nodels  for  the  quan- 
titative description  of  the  flow. 
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A RESUME  OF  AGARD  SMP  MEETING  ON  TRANSONIC  UNSTEADY  AERODYNAMICS 

Mr  W.J.Mykytow  and  Dr  J.J.Olsen 
The  United  States  Air  Force  Flight  Dynamics  Laboratory 
Wright-Patterson  Air  Force  Base,  Ohio 
USA  45433 


1.  INTRODUCTION 

The  Structures  and  Materials  Panel  of  AGARD  held  two  one-day  specialists'  meetings 
on  “Unsteady  Airloads  In  Separated  and  Transonic  Flow"  In  Lisbon,  Portugal  during  the 
week  of  18  April  1977.  The  first  day's  papers  concerned  "Airframe  Response  to  Separated 
Flow." 

The  second  day's  papers  concerned  "Transonic  Unsteady  Aerodynamics  for  Aeroelastic 
Phenomena."  The  purpose  of  this  second  session  was  to  report  the  rapid  progress  being 
made  In  transonic  unsteady  aerody  amics,  to  discuss  the  state  of  the  art  and  future 
requirements,  and  to  acquaint  aeroelastldans  with  recent  advances.  Another  purpose  was 
to  re-emphasize  the  long  and  urgent  need  to  estimate  reliable  transonic  unsteady  airloads 
required  for  load,  deflection,  stress,  stability,  flutter  and  gust  analyses  In  this 
critical  speed  region. 

A condensation  of  the  papers  presented,  an  evaluation  and  a summary  of  conclusions 
and  recommendations  of  the  second  session  has  been  prepared  and  Is  contained  In  AGARD 
SMP  Report  , "Evaluation  Report,  the  AGARD  SMP  Specialists'  Meeting  on  Transonic 

Unsteady  Aerodynamics  for  Aeroelastic  Phenomena."  This  paper  Is  a further  condensation 
and  summary  to  coordinate  mutual  Interests  between  the  Fluid  Dynamics  Panel  and 
Structures  and  Materials  Panel,  as  well  as  to  highlight  needs  of  aeroelastldans  to 
aerodynamicists. 

2.  TECHNICAL  SUMMARIES 

Brief  techllcal  summaries  of  each  paper  follow. 

2.1  "Brief  Overview  of  Transonic  Flutter  Problems."  W.  J.  Mykytow 

Previous  to  1952,  most  flutter  problems  concerned  control  surfaces  or  tabs, 
and  remedies  were  relatively  straightforward.  Higher  speed  flight  and  more  flexible 
aircraft  In  the  brief  period  1952-1956  resulted  In  wing-external  store,  transonic 
control  surface,  T-tall,  all  movable  surface,  and  fixed  surface  bending-torsion  flutter 
(Table  I).  Reliable  methods  for  estimating  transonic  unsteady  airloads  are  lacking, 
so  main  reliance  for  research  and  aircraft  development  Information  Is  still  the  transonic 
flutter  model.  Figure  1 gives  flutter  model  data  for  a straight  wing  and  shows  that 
the  critical  region  extends  to  Mach  1.2  for  lower  aspect  ratio  wings.  (A  flutter 
condition  exists  when  an  applicable  constant  altitude  line  Intersects  or  Is  tangent  to 
the  flutter  stability  curve.  The  flutter  region  Is  above  the  curve,  b Is  the  reference 
semi-chord;  the  torsional  frequency;  and  p the  wing-air  mass  ratio.)  Figure  2 

shows  that  a large  detrimental  wing-air  mass  ratio  effect  exists  for  this  swept  wing 
model  near  M • 1.05.  More  dramatic  and  sudden  drops  In  flutter  speeds  have  been  observed 
for  T-tall  and  supercritical  airfoil  models.  Causes  are  largely  unexplained. 

Transonic  flight  damping  data  (Figures  3 and  4)  furnished  by  the  British 
Aircraft  Corporation  show  the  continued  care  needed  today  to  avoid  control  surface, 
all  movable  surface  and  store  flutter. 

Thus,  methods  for  predicting  transonic  unsteady  airloads  have  been  required 
for  twenty  years.  Without  such  capability,  early  design  optimization  cannot  be  achieved 
with  confidence.  Reliable  methods  would  reduce  risks  and  costs  of  model  and  flight  tests. 

2.2  "Unsteady  Airloads  on  An  Oscillating  Supercritical  Airfoil,"  H.  Tljdeman, 

Sch'tppers  and  A.  J.  Persoon 

The  authors  present  rare  and  needed  Information  on  an  oscillating  16. 5t 
thick  supercritical  airfoil.  Thin  airfoil  theory  predicts  subsonic  pressures  reasonably 
(Figure  5).  The  strong  shock  case  (Figure  6)  shows  the  large  shock  motions  with  static 
angular  changes.  A sharp  pressure  peak  occurs  In  quasi-steady  and  unsteady  pressures 
which  linear  theory  does  not  predict.  This  peak  decreases  with  frequency  and  Its  phase 
angle  shifts  to  90"  due  to  shock  wave  motion  lag.  The  "shock  free"  data  (Figure  7) 
show  the  bulge  in  quasi-steady  and  unsteady  pressures  produced  by  the  supersonic  flow. 
Again,  thin  airfoil  theory  Is  completely  Inadequate.  The  bulge  region  decreases  with 
frequency,  and  a small  and  sharper  peak  near  65t  chord  occurs  as  a weak  shock  wave 
strength  Increases  with  frequency. 

The  authors  discuss  the  decreased  amplitude  of  shock  motion  with  Increasing 
frequency.  Shock  lag  Increases  linearly  because  of  the  constant  time  lag  of  the 
Kutta  wave  travel . 

They  Illustrate  the  larae  effects  of  boundary  layer  on  steady  flow  and 
quasi-steady  pressures  (Figure  8).  When  boundary  layer  and  thickness  effects  are 
Included.  The  more  forward  pressure  peak  on  the  upper  surface  Is  better  predicted. 
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Quasi -steady  Integrated  coefficients  show  large  Increases  In  normal  force  coefficients 
(SOX)  produced  by  Including  thickness  and  Incidence,  but  boundary  layer  effects 
decrease  the  change  (-35%).  For  the  shock  free  case  (Figure  9),  the  quasi-steady 
theoretical  design  pressures  for  the  upper  surface  show  a bulgy  pressure  distribution 
over  the  supersonic  region  which  agrees  reasonably  well  with  experimental  design  condition 
data.  The  lower  surface  data  also  show  an  Improvement  compared  to  thin  airfoil  theory. 
Several  Important  conclusions  and  recommendations  made  by  the  authors  have  been 
assembled  together  with  others  at  the  end  of  this  report. 

2 . 3 "The  Transonic  Oscillating  Flap;  A Comparison  of  Calculations  with  Experiments,” 

H.  Voshihara  and  R.  Magnus 

A displacement  ramp  Is  used  to  approximate  viscous  effects  In  two  dimensional, 
finite  difference  calculations  based  on  the  exact  Inviscid  Euler  equations.  Comparisons 
are  made  with  the  oscillating  flap  experiments  reported  by  TIJdeman  and  Schippers. 

They  show  (Figure  10)  a more  aft  mean  position  and  less  shock  motions  than  measured. 

A mis-match  of  calculated  and  measured  pre-shock  pressure  data  Is  observed  (Figure  11) 
and  agreement  Is  significantly  Improved  when  calculations  at  M » 0.854  are  compared 
with  M • 0.875  experimental  data  (Figure  12).  The  authors  question  the  tunnel  flow 
simulation.  Shock  positions  and  motions  computed  for  H < 0.85  are  In  much  better  agreement 
with  experimental  data  at  M » 0.875. (Figure  13).  While  the  mis-match  In  pre-shock 
pressures  had  an  Important  effect  on  shock  history,  the  authors  state  the  effect  would 
be  far  less  on  unsteady  lifts  and  moments  used  In  flutter  analyses. 

2.4  "Numerical  Calculation  of  Unsteady  Transonic  Flows."  A.  Lerat  and  J.  Sides 

The  full  hyperbolic  Euler  equations  are  sol ved,  satl sfy Ing  the  tangency  conditions 
at  the  exact  Instantaneous  surface  positions,  the  Kutta  conditions  at  the  trailing 
edge,  and  allowing  nonisentropic  flow.  The  exact  space  domain  Is  mapped  by  a product 
of  two  transformations  where  the  first  specifies  the  airfoil  rigid  body  motion  and  the 
second  maps  the  exterior  part  of  the  flow  onto  a rectangle.  Equations,  cast  Into 
conservation  form,  are  solved  by  variants  of  MacCormack's  scheme.  The  time  step  Is 
restricted  by  stability  conditions.  Artificial  viscosity  and  mesh  refinements  Improve 
capture  of  the  shock. 

The  method  Is  applied  to  a NACA  0012  airfoil  pitching  about  25%  chord, 
reduced  frequency  of  10  based  on  chord,  and  Mach  • 0.8.  Results  are  compared  with  those 
of  Garabedlan  and  Korn  In  Figure  14,  and  these  results  show  that  the  shock  Jump 
satisfied  the  Rankine-Hugonlot  conditions  with  good  accuracy.  Unsteady  periodic  results 
for  0,  90,  180  and  270“  of  the  cycle  are  shown  In  Figure  15.  They  were  obtained  after 
two  cycles  of  motion.  There  Is  very  little  shock  motion  at  this  high  reduced  frequency. 

2.5  "Efficient  Solution  of  Unsteady  Transonic  Flows  About  Airfoils,"  W.  F.  Ball  ha  us 

and  P.  N.  GoorJIan 

The  authors  use  efficient,  conservative  form,  alternating  direction.  Implicit 
finite  difference  procedures  where  the  time  step  Is  based  on  accuracy  rather  than 
stability  considerations.  They  apply  the  method  to  the  low  frequency,  transonic  small 
dist  rbance  approximation  of  Euler's  equations.  Good  agreement  Is  obtained  for  the 
upstream  blown  shock  wave  motion,  the  part-time  disappearing  shock  wave  motion,  and  the 
oscillating  shock  wave  motion  reported  by  TIJdeman  and  S hippers  for  an  oscillating 
flap  at  successively  higher  subsonic  Mach  numbers.  Good  agreement  with  the  much  longer 
calculations  of  Magnus  and  Yoshihara  Is  also  obtained. 

Numerical  results  In  Figure  16  show  that  the  shock  wave  Is  stronger  for  solid, 
free  air  and  free  Jet  wall  conditions,  respectively.  They  suggest  a shock  weakening 
wall  effect  In  NLR  tests,  since  experimental  phenomena  are  reported  at  higher  Mach 
numbers.  Figure  17  shows  an  oscillating  shock  for  free  air  and  an  Interrupted  shock 
(picture  B)  for  the  free  Jet  wall  condition. 

Use  of  the  Indiclal  response  method  and  Ouhamel 's  Integral  shows.  In  Figure  18, 
that  the  linear  perturbation  assumption  produces  valid  lift  and  moment  data  compared 
to  the  time  Integration  method  for  the  NLR  oscillating  flap  case  of  upstream  propagating 
shock  waves  (Condition  C)  and  Interrupted  shock  wave  motions  (Condition  B).  Differences 
are  noted  for  the  stronger  continuously  oscillating  shock  Condition  A. 

2.6  "Application  of  a Finite  Difference  Method  to  the  Analysis  of  Transonic  Flow 

Over  OscJitatInq  Airfoils  and  mngs."  W.  H.  Weatherlll.  J.  D.  Sebastian. 

and  F.  E.  Ehlers 

The  authors  use  relaxation  techniques  to  solve  the  small  disturbance,  high 
frequency  transonic  velocity  potential  which  Is  separated  Into  a steady  term  and  an 
unsteady  term  linearized  about  the  non-linear  steady  solution.  Tangency  conditions  are 
satisfied  on  the  line  y • 0.  Substantial  numerical  stability  problems  were  encountered 
with  purely  subsonic  as  well  as  mixed  subsonic-supersonic  flows.  The  Instability 
depended  on  mesh  dimensions  and  Increased  with  frequency  and  as  Mach  number  approached  1.0. 

The  authors  examine  finite  difference  solutions  of  Hemholtz'  equation,  various 
outgoing  waves,  and  wall  conditions.  No  combination  of  boundary  conditions  gave  a 
converged  solution  above  a certain  reduced  frequency  which  depends  on  Mach  number  and 
mesh  geometry. 


Direct  solutions  of  the  large  matrix  equations  markedly  Improved  numerical 
stability,  but  accuracy  was  poor  above  the  frequency  at  which  relaxation  techniques 
became  unstable,  possibly  due  to  the  crude  mesh. 

Unsteady  pressures  are  calculated  for  a pitching  wing  at  M • 0.875  and  a 
reduced  frequency  of  0.06  (based  on  semi  chord)  using  Ballhaus'  and  Bailey's  steady 
state  results.  These  are  shown  In  Figures  19  and  20.  They  question  their  results  at 
the  57X  station,  which  seemingly  had  a stronger  shock  than  the  root  station. 

2.7  "Numerical  Solution  of  the  Unsteady  Transonic  Small  Disturbance  Equations." 

N.  M.  Hafez,  M.  H.  Rizk,  and  E.  M.  Murman 

The  numerical  Instability  problems  of  relaxation  solutions  are  examined  and 
consistent  shock  jump  conditions  which  allow  shock  movement  In  the  first  order  unsteady 
solutions  are  developed. 

They  propose  a positive-definite  system  matrix  obtained  by  premultiplying  the 
original  system  matrix  by  Its  conjugate  transpose.  Relaxation  procedures  will  then 
usually  converge,  even  though  they  converge  slowly.  The  authors  demonstrate  their 
method  by  application  to  a one  dimensional  problem.  Results  are  shown  In  Table  2 
and  are  compared  with  those  of  direct  matrix  solutions. 

In  developing  consistent  shock  jump  conditions  for  first  order  treatment  of 
unsteady  flows,  the  authors  considered: 

a.  The  potential  expansion. 

b.  The  consistent  shock  motion. 

c.  The  steady  potential  jump  condition. 

d.  The  mean  or  average  value  of  K - 41 

°x 

e.  The  unsteady  potential  jump  condition. 

f.  The  unsteady  shock  movement. 

They  gave  simplified  forms  for  a normal  shock,  developed  a shock-fitting 
procedure  for  the  unsteady  potential  problem,  and  discussed  an  alternate  approach  by 
Nixon  using  strained  coordinates. 

2.8  "A  Practical  Framework  for  the  Evaluation  of  Oscillatory  Aerodynamic  Loading 

on  Wings  In  Supercritical  Flow,"  H.  C.  Garner 

Non-linear  steady  pressures,  taken  from  small  perturbation  theory  or  static 
measurements,  and  theoretical  linear  oscillatory  loadings  are  used  to  produce  an 
economic  and  approximate  method  applicable  below  0.9.  Numerical  results  are  In  fair 
agreement  with  measurements  (Figure  21).  Greater  lags  due  to  delays  In  upstream 
propagation  are  noticed.  These  need  to  be  better  simulated  since  they  occur  In  regions 
of  higher  loadings.  Higher  lead  angles  on  the  aft  chord  are  evident  also. 

Spanwise  loadings  for  a w1 n^AscI 1 1 ating  about  a swept  axis  at  mid-chord 
are  shown  In  Figure  22.  Transonic  small  perturbation  (TSP)  methods  give  higher  In-phase 
loadings  than  linear  theory,  the  method  using  measured  steady  data  and  experiment.  The 
measured  quadrature  loading  In  phase  with  velocity  Is  more  negative  than  the  three 
predicted  values.  This  Is  due  to  larger  phase  lags  at  the  forward  chord. 

Figure  23  shows  center  of  pressure  locations.  TSP  theory,  thin  airfoil  theory, 
the  method  using  measured  static  data  and  experimental  values  are  more  aft.  respectively. 
Aft  aerodynamic  centers  frequently  raise  flutter  speeds.  Predictions  based  on  Inviscid 
supercritical  flow  could  be  overoptlmlstlc,  but  those  based  on  low  Reynolds  number 
tests  might  be  too  conservative. 

More  applications  are  needrd  to  evaluate  the  subject  approximate  method. 

3.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  following  Is  a summary  of  the  conclusions  and  recommendations  reached  by  the 
authors  who  presented  papers  at  the  A6ARD  SMP  specialists'  meeting  on  transonic  unsteady 
aerodynamics  In  Lisbon,  Portugal  In  April  1977.  Also  Included  are  thoughts  of  the 
present  authors  during  their  review  and  evaluation.  The  Structures  and  Materials  Panel 
would  appreciate  receipt  of  comments  and  suggestions  from  the  Fluid  Dynamics  Panel. 

3.1  General 

Aeroelastic  Design  and  Analysis 

Transonic  Range  - Most  critical  and  dangerous 

Unsteady  load  prediction  methods  lacking 

Thin  plate  theory  Inadequate 
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3.2  Basic  Principles 

Unsteady  Phenomena  closely  linked  to  steady  flow  field 
Large  changes  in  magnitudes  and  phases 

Thickness,  camber,  incidence,  amplitudes  and  shock  motions  are  important 
Viscous  and  wall  effects  important 

Porous  wall  research  required 

viscous  effects  noticeable  and  opposite  to  thickness  effects 
Quasi-steady  data  provide  insight 

3.3  Aerodynamic  Computational  Methods 

Methods  must  be  extended  to  M = 1.2+ 

Large  disturbance  explicit  methods  expensive 
Difficult  to  extend  to  3D 

Viscous  ramp  for  2D  promising,  but  requires  further  exploration 
Boundary  conditions  may  be  satisfied  at  instantaneous  conditions 
Relaxation  Techniques 

Numerical  Stability  problems  not  efficiently  resolved 
Shock  Jump  conditions  can  and  should  be  included 
Implicit  time-integration  techniques 
More  efficient 
Promising 

Time  integrated  analysis  of  aerodynamic-elastic-mass  system  possible 
Substantial  change  to  frequency  domain  analysis 
Engineering  Methods 

Intermediate  and  temporary  methods  emerging 
Require  evaluations 

3.4  Experimental  Data 

High  priority  and  urgent  need 

General  lack  of  information 

Viscous  effects  and  high  Reynolds  number  data 

Hall  effects 

U.S.  lags  in  the  state  of  the  art 

Two  dimensional  flutter  model  tests  for  basic  research? 

Correlate  good  flutter  model  data  with  emerging  theories 
Limited  flight  measurements  of  unsteady  pressures 

Effects  of  wind  tunnel  walls  and  Reynolds  numbers 
Cost  information  trade-off  studies  for  multi  pickups  and  configurations 
In-situ  versus  tube  type  measurements 

3.5  Aeroelastic  Applications 

Transonic  aeroelastic  design,  analysis,  optimizations  cannot  be  made 
3D  methods  lacking;  incorporation  of  viscous  effects  difficult 
Unsteady  applications  lagging  steady  transonic  code  usage 
Approximate  methods  will  find  interim  use 

AGARD  should  encourage  exchange  of  information  and  special  meetings 
Hind  tunnel  or  theory  could  conceivably  yield  unconservative  results 

3.6  Cooperation 

Standard  Configurations  should  be  defined  and  coordinated 
Coordinations  between  steady  and  unsteady  aerodynamicists  increase 
Transition  of  information  to  and  applications  by  aeroelasticians  required 
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TABS;  CONTROL  SURFACES 
WING  WITH  EXTERNAL  STORES 
AUTOPILOT  COUPLING 
TRANSONIC  BUZZ  RELATED 
T-TAIL 

ALL  MOVABLE  SURFACE 

FIXED  SURFACE  - BENDING  - TORSION 


1947  - 1951 

1952  - 1956  ! 

11 

8 

1 

6 

1 

21 

1 

4 

1 

Table  1.  Some  Past  Flutter  Incidents 
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Pig.  1.  Transonic  Flutter  Model  Tests 
for  Unswept  Cantilever  Wings. 


MACH  NUMBER 


Fig.  2.  Transonic  Flutter  Model  Tests 
on  Swept  Cantilever  Wings 
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Fig.  3.  Transonic  Flutter  Damping. 
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AIRSPEED  RATIO 


4.  Transonic  Flutter  Damping  and  All-Movable 


Pig.  9.  Quaai-Steady  Praaauraa  for 
the  "Shock-Free*  Condition 
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Fig.  14.  Steady  Pressures  at  > 0.8. 
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Fig.  22.  Spanwise  Distributions  of  Mean  and 

Oscillatory  Lift  Section  Lift  Coefficients. 
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Fig.  23.  Spanwise  Distributions  of  Mean  and  Oscillatory 

Chordwise  Centres  of  Pressure  (M.  • 0.84,  v • 0.343) 
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The  IiiqiKjrtance  of  Unsteady  Aerodynamics  in  Rotor  Calculations 

O.M.  Qyhara 
T.S.  Beddoes 

Westlsid  Helicopters  Ltd.,  TeoTll  BA20  STB,  England 


Sumary 

Unsteady  aerodynamics  is  an  Important  feature  of  detailed  helicopter  rotor  loads  calculation,  and 
has  special  significance  at  the  extremities  of  the  fll^t  envelope.  This  paper  reviews  briefly  the  back- 
ground which  has  allcwed  considerable  simplification  of  the  aerodynamic  model  required  for  rotor  calciil- 
atlon  methods.  The  Impact  of  compressibility  and  (lynamlc  stall  on  the  llmiitlng  behaviour  of  the  rotor  Is 
also  discussed,  and  it  Is  shown,  particularly  for  the  condition  of  stall  flutter,  that  the  Interaction  of 
blades  with  discrete  tip  vortices  is  a major  factor  In  controlling  the  blade  torsloned  motion.  As  a 
result  of  these  observations  It  appears  likely  that  wake  distortion,  particularly  In  the  vertical  plane, 
will  be  necessary  for  detailed  calculation  of  stall  flutter. 

Introduction 

Since  W.P.  Jones  reviewed  helicopter  rotor  unsteady  aerodynamics  in  1972  (Reference  1 ),  a growth  has 
taken  place  In  our  knowledge  of  how  to  determine  and  quantify  the  aero^rnamlc  llmiltatlons  of  the  rotor  In 
forward  flight. 

Work  on  the  dynamic  stall  of  aerofoils  has  continued  and  Its  coupling  to  a rotor  calculation  has 
allowed  the  prediction  of  helicopter  "stall -flutter"  with  consequent  growth  In  root  torsional  loads.  With 
experience  of  calculating  rotor  stall  flutter  conditions  a better  understanding  has  been  developed  of  how 
the  phenomenon  may  possibly  be  controlled,  and  what  extensions  to  the  theoretical  modal  may  be  needed  to 
Improve  detailed  evaluation. 

Developments  have  also  taken  place  In  the  calculation  of  rotor  blade  flows  at  high  Mach  numbers. 
Test/theory  cceparlsons  now  lead  ua  tcararda  reflnemmnts  of  the  theory  ihich  will  allow  stuc^r  of  suitable 
tip  planforms  for  the  advancing  blade,  and  possibly  a more  precise  definition  of  the  advancing  blade  lirnilt- 
ations  experienced  by  the  rotor. 

In  the  field  of  hover  wake  flutter,  hl^  Mach  number  flutter  and  vibratory  load  prediction  the  dis- 
cussion In  W.P.  Jones'  paper  stands  and  a reiteration  in  this  discussion  appears  unprofitable.  It  Is 
therefore  my  Intention  to  concentrate  mere  on  the  part  that  unsteady  aeroclynamdes  plays  In  determining  the 
lljaltlng  conditions  on  the  rotor  in  forward  flight.  To  accomplish  this  It  is  necessary  to  start  by  review- 
ing how  the  unsteady  behaviour  of  the  rotor  in  linear  aerodyiuumlc  conditions  must  be  aedelled,  as  a basis 
for  the  more  empirical  non  linear  aerodynamic  phanoimena. 

Kleimenta  of  Unsteady  Aerodynamics  on  Rotor  Blades 

The  strong  tlims  dependent  nature  of  the  rotor  environment  originates  tr<m  a number  of  basic  elemaots 
of  the  flow  field.  For  Instance  local  angle  of  attack  Is  forced  to  vary  throu^  the  application  of  once 
per  rev  pitch  variations  (to  produce  the  required  rotor  attitude)  combined  with  Inflow  variations  brought 
about  by  the  passage  through  a time  varying  downwash  field  and  blade  flapping  response.  More  complicated 
qumMl-incldenoa  effects  are  produced  by  the  passage  of  a blade  close  to  discrete  vortex  trcdled  from 
previous  blades.  Variations  In  the  velocity  of  a blade  element  give  rise  to  large  (^aadc  head  changes, 
varying  Mach  number  and  Reynolds  number)  furthermore  the  variations  in  vecter  addition  of  the  velocity 
ccamponents  yield  tlmmwise  variations  In  local  sweep  on  the  rotor  bleide.  Flow  fields  from  external  sources 
such  as  the  helicopter  fuselage,  give  rise  to  significant  high  frequency  or  impulsive  inputs  to  the  inflow 
variation,  in  areas  iriiere  the  produce  of  C,  and  (^ynmusLc  head  are  large.  Flow  field  interactions  froai  one 
rotor  on  another  in  many  cases  compound  features  already  mentioned  but  can  in  addition  give  rise  to  strong 
time  varying  characteristics  that  have  a large  impact  on  noise  and  vibration.  Beyond  the  fundammntals  of 
unsteady  aerodynamics  already  covered  there  follows  the  mure  complicated  hierarchy  which  originates  In  the 
response  of  the  blade.  At  high  Mach  numbers  the  possibility  of  blade  flutter  is  present  with  consequent 
vlbrat'nn  Issues  and  non  repeatable  flapping.  At  high  Incidences  penetratloi  of  stall  can  give  rise  to 
nsgativa  damping  and  a consequent  non-Unear  torsional  degree  of  freedom  flutter  iriilch  may  damage  the 
control  circuit,  generate  vibration  and  produce  handling  Issuea. 

Figure  1 la  a schaimatlc  degeneration  of  the  elemmnta  of  unsteady  asrodynasde  effects  outlined  above 
and  la  set  out  imalnly  to  give  soma  parspectiva  to  the  variety  of  sources  that  are  present  on  a helicopter 
rotcr  and  tha  way  In  which  they  couple.  Blade  control  inputs  and  ths  first  order  flexural  response  they 
Induce  generate  a low  frequency,  high  amplitude  variation  In  angle  of  attack  aroimd  tha  rotor  In  forward 
flight.  Higher  frequency  flexural  response  tends  to  contribute  little  to  the  aeroc^amlc  oonditiens  of 
the  blade  since  Incidence  perturbations  are  small  compared  with  the  first  ordsr  Imapacts.  F.s<ls  torslonmd 
response  Is  an  Important  factor  and  features  In  two  significant  ways.  Hl#i  frequency,  high  amplitude 
response  Is  a major  part  of  stall  flutter  and  is  properly  modelled  by  consldarlng  the  full  non-linear 
unatea^y  characteristics  of  the  motlcn  and  aerodynamilc  time  history.  Low  frequency  hi^  amplitude  response 
can  be  brought  about  by  the  action  of  basic  aarodynamdo  torsional  loada  (C||q«  lift  offsets,  etc.)  In  com- 
bination with  an  appropriate  torsional  stiffness  and  amqr  have  perfonunce  or  handling  Impacts. 

From  tha  How  field  tha  periodic  events  are  largely  self  aiplanatory.  Tha  Inflow  characteristics  give 
rise  to  low  frequency  quaal  heave  perturbationa  which  maiat  be  proparly  accounted  for  In  the  linear  unsteady 
reproaentation.  In  addition  tha  variation  of  Inflow,  oomblnad  with  fuselage  flow  effects  distort  the  wake 
gaoaMtry  and  tend  to  accentuate  the  presence  of  wake  singularities  which  ars  brou^t  cloaar  to  the  blades. 
Aa  with  tha  high  frequency  torslcnal  response  this  has  a slpiifloaat  Impact  on  tha  onset  of  non-Unaer 
unsteady  af facta  and  Is  s prime  fsaturs  for  ths  detailed  quantitative  prediction  of  the  fU^t  envelope. 
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The  extent  to  which  a fully  developed  repreeentatlcD  of  each  unsteac^  eleiwnt  is  required  dependa  very 
largely  on  identifying  what  aspects  of  the  helicopter  it  Influences.  For  instance  tiie  most  basic  rotor 
calculations  of  blade  fundamental  deflections  and  rotor  power  at  flight  conditions  well  inside  the  aero- 
dynamic envelope  can  be  adequately  made  using  a linear  quasi-static  approach.  At  the  otter  extreme  analysis 
of  the  flight  boundary  of  the  rotor  requires  a proper  model  of  the  non-linear  unsteady  aerodynamics  of  a 
blade  section  tia-ough  to  separated  flow  whether  at  high  or  low  Mach  number,  and  in  addition  a proper  under- 
standing of  the  structure,  position  and  influence  of  the  discrete  vortices  in  the  rotor  wake. 

The  following  sections  of  this  paper  are  set  out  to  identify  those  elements  of  unsteady  aerodynmiics 
tdilch  group  together  to  fom  particular  problem  areas,  and  where  possible  to  Illustrate  how  their  cosqxnwnts 
are  at  present  being  analysed  and  with  what  success. 

Unsteady  Aerodynamics  in  Atteusted  Flow 

The  Wake 

Modelling  of  the  rotor  wake  has  been  considerably  influenced  by  the  development  of  computing  c<q>aclty. 
In  the  raid  sixties  effort  was  directed  at  producing  vortex  models  of  the  wake  structure  with  the  inclusion 
of  both  trailing  and  shed  vorticlty.  Vortex  elements  were  aligned  along  the  geometric  trajectories  of  the 
blade  elements  in  space  as  the  rotor  translated  in  forward  fll^t.  Downwash  effects  at  a blade  from  the 
overall  wake  were  conyxited  and  a closed  solution  was  sought  where  blade  element  loading  tlm  histories, 
produced  by  the  computed  variations,  were  conq>atlble  with  the  wake  strength  distribution. 

The  complexity  and  ccoqmting  effort  required  to  model  a rotor  with  fully  representative  wake  makes  the 
calculatloi  unwieldy  for  design  uses,  and  as  a result  more  recent  approaches  have  used  a simplified  wake 
representation,  based  largely  on  the  form  of  the  fundings  of  those  workers  who  first  tackled  the  problem. 

For  instance.  Miller,  References  2 and  3,  developed  a full  wake  model  including  sted  and  trailed  elements 
of  vorticlty.  He  shows  in  Reforenco  2 how  removal  of  wake  elements  in  turn  affected  the  lift  deficiency 
and  phase  of  the  loads  produced  at  a particular  blade  station  for  a rotor  in  forward  flight.  Figure  2a, 
taken  from  Reference  2,  Illustrates  teller's  findings.  Here  equivalent  Theodorsan  functions  are  plotted 
for  the  80^  span  station  of  a three  bladed  rotor,  in  response  to  the  3 cycles/revolution  downmash  variation. 
At  low  advance  ratio  rmeoval  of  the  trailing  wake  has  only  a small  effect  on  the  response  and  phase  of  lift, 
while  further  removal  of  the  far  shed  wake,  (wakes  left  by  all  other  blates  than  ihe  subject)  is  significant. 
As  advance  ratio  increases,  the  relevance  of  the  far  shed  wake  diminishes  until  the  unsteady  behaviour  of 
the  blade  section  is  well  approximated  by  considering  only  the  influences  of  its  own  shod  wake  on  Itself. 
Figure  2b,  also  taken  ftrom  Reference  2,  broadens  this  point  by  comparing  the  classical  2-dlmensional  unsteady 
behaviour  of  a section  to  that  coeputed  using  the  foil  rotor  wake  model,  at  a range  of  downwash  harmonics. 

Uie  histograms  at  each  firequency  represent  changes  in  advance  ratio,  and  it  can  bo  seen  that  for  of  0.3, 
which  is  typical  of  helicopter  cruise  conditions,  the  classical  2-D  model  for  the  section  behaviour  compares 
well  for  a wide  range  of  Itequencles.  The  dependence  on  is  explained  to  a first  order  by  considering  the 
wake  geometry.  As  speed  increases  blades  encounter  previous  shed  wakes  for  progressively  smaller  portions 
of  the  azimuth,  and  thus  experience  a progressively  decreasing  Inflvience. 

The  implications  of  this  work  have  found  their  way  into  a number  of  the  calculation  procedures  at 
present  used  for  rotor  aerodynamic  prediction.  Vartol,  as  described  by  Tarzanin,  References  U and  5,  use  a 
Theodorsen  funcUon  to  represent  the  rotor  blade  shed  wake  and  model  only  the  trailing  wake  structure 

Similarly  Westland  Helicopters,  as  described  by  Beddoes  Reference  6,  represent  the  unsteac(y 
aero<^rnamlc  terms  through  the  successive  application  of  a Wagner  function  at  each  azimuthal  stop,  again  with 
an  explicit  trailing  wake. 

Within  Reference  6 it  is  shown  that  the  Wagner  model,  applied  in  this  fashion,  compares  well  with 
measuraments  for  harmonic  notion  in  both  phase  and  aaqilitude  of  lift,  - this  is  show  in  Figure  5.  Die 
application  of  the  WAgner  model  falls  radlly  into  line  with  the  structure  of  rotor  caloulatlons  which  tend 
to  be  based  on  calculation  procedures  lAilch  step  round  the  disk  in  small  increments  of  azimuth.  In  additloc 
it  eases  some  of  the  problems  of  distinguishing  between  pitching  and  heaving  motion  (periodic  and  non- 
periodic) in  a flow  field  itoere  time  variations  are  produced  by  combinations  of  dowiwaah,  blade  motion  and 
In-plane  velocity.  Furthermore  such  an  approach  links  readily  into  a time  delay  representation  of  dynamic 


Tarzanin,  in  Reference  U,  shows  that  in  fact  the  unsteady  terms  do  not  play  a large  part  in  defining 
for  instance  control  loads  (and  hence  section  pitching  moments)  in  sub  stall  fll^t  conditions.  Figwe  3, 
taken  from  Reference  U,  indicates  the  behaviour  of  the  control  loads  (sub-stall)  with  and  without  the  unsteady 
terns.  Flgire  U helps  to  shew  why  this  conclusion  nay  be  fermed.  Here  oontrol  load  time  hletorles  around 
the  azlinith  are  shown  and  it  can  be  seen  that  the  peak-peak  loads  are  derived  from  what  is  basically  a once- 
per-revolutlon  oscillation  with  acme  small  higher  frequency  oontamination.  In  this  condition  therefore 
little  significant  high  frequency  forcing  is  being  generated  by  the  blade,  reduced  freqwncy  is  low  and  the 
use  of  a quasi -static  theory  should  be  a good  approxlnaticn. 

It  is  noticeable  in  Figure  3 however  that  at  the  onset  of  soma  blade  stall  phenomena  the  proper  calcu- 
lation of  blade  loads  depends  on  the  presence  of  a llnaar  flow  unsteady  airloads  representation. 

So  far  the  discussion  has  assumed  that  current  practice  in  rotor  modelling  makes  use  of  blade  element 
technlqiee  to  piece  together  the  prcfclem.  Other  approaches  are  in  use  which  treat  the  rotor  as  a closed 
problem,  solving  the  airloads  and  blade  response  chimcterlstlcs  as  a combined  system.  Costes,  Reference  7, 
has  developed  such  a modal  where  the  lifting  sirfaoe  of  the  blade  wd  its  wake  are  treated  together  with 
the  motlena  idiieh  define  the  aerodynamic  boundary  conditions.  Iiq^liclt  in  this  approach  is  the  assumption 
of  a prescribed  wake  geometry  end  calculation  from  first  principles  of  the  llft/incidenoe  relationships  for 
the  blade . Extension  of  the  model  to  account  for  stall  has  been  included,  breaking  into  the  dlosad  natvre 
of  the  problem  to  make  the  appropriate  non  linear  representations  of  the  blade  aerodynmslcs. 
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Dnconvantlonal  Rotors 

The  developments  In  rotor  unsteady  modelling  and  the  appradnatlons  which  may  be  used  In  producing 
useful  results  sub-stall  are  based  on  the  assur^tlon  that  the  rotor  system  Is  conventional  and  operating  at 
conventional  advance  ratios-  A similar  Justification  does  not  at  present  exist  for  say  a co-axlal  rotor 
operating  at  hl^  uhere  the  wake  of  an  upper  disk  naturally  passes  close  to  blades  of  the  lower  rotor. 
Here  very  strong  Interactions  of  blades  with  both  shed  and  trailing  wake  are  cosaonplacei  and  could  lead 
readily  to  unsteady  air  loads  of  significant  proportions. 

Casting  the  net  further,  rotor-borne  aircraft  are  now  being  considered  which  operate  at  very  high 
advance  ratios  (greater  than  unity)  and  maintain  trim  by  use  of  blade  blowing.  WlUlams,  References  8 and 
9,  Indicates  the  form  of  loading  that  may  be  encountered  around  the  rotor  in  high  speed  forward  flight 
wtore  a high  level  of  loading  Is  extracted  from  the  reversed  flow  region  of  the  disk.  Figure  6.  Taking 
this  radial  and  azimuthal  distribution  Jupe  at  WHI  has  constructed  the  vorticlty  vector  distributions  around 
the  disk  and  plotted  Its  location  as  It  is  left  In  ^ace  by  the  passage  of  the  blades.  Some  Interesting 
features  can  be  noted  from  this  result  as  seen  on  Figure  7.  Of  major  In^rtance  Is  the  fact  that  ths  vorti- 
clty Is  highly  concentrated  near  the  edge  of  the  reversed  flow  region.  This  Is  largely  a result  of  the 
blowing  reversal  in  the  reversed  flow  region  to  maintain  positive  thrust.  As  the  edge  of  the  reversed  flow 
region  Is  traversed  the  bound  circulation  on  the  blade  changes  sign  and  the  vortex  wake,  especially  the 
trailed  coiiqx>nent,  is  reinforced.  Because  of  the  low  relative  velocity  in  this  region  the  wake  vorticlty 
becomes  concentrated  geometrically  and  the  distribution  of  Figure  7 Is  generated.  Figure  7 clearly  slnws 
that  the  blade  lies  essentially  parallel  to  the  vortex  filaments.  In  a region  tdiere  the  wake  vorticlty  can 
be  as  much  as  twice  that  on  the  blade  and  of  opposite  sign  to  the  blade  vorticlty.  It  Is  questionable 
whether  a rotor  which  does  not  extract  thrust  from  the  reversed  flow  region  would  suffer  the  same  occurrence 
since  in  this  case  the  sign  of  circulation  does  not  change  and  thus  reinforcement  of  the  strength  of  the 
trailing  wake  would  not  take  place  In  the  same  way. 

Wake  modelling  Is  a current  concern  In  analysis  of  concepts  such  as  the  Z wing,  and  in  view  of  the 
vorticlty  distribution  produced  In  Figure  7,  it  Is  clear  that  Influences  through  the  wake  will  be  large. 

It  seems  therefore  that  the  approximations  for  the  modelling  of  unsteady  characteristics  as  used  for  con- 
ventional, low  rotors,  would  not  carry  through  and  an  attack  from  first  principles  would  be  necessary. 

In  addition  wake  distortion  can  clearly  be  an  Inqtortant  feature,  as  well  as  the  need  for  a careful  approach 
to  the  farces  and  momenta  produced  on  a blade  when  passing  obliquely  through  an  almost  discrete  vortex. 

Ohsteady  Compressibility  Effects 

The  basic  once  per  revolution  variation  In  local  velocity  seen  by  the  rotor  blade  clearly  excites 
unsteady  phenomena  at  a range  of  Hach  numbers.  On  the  advancing  blade  where  the  local  Mach  number  Is  high- 
est the  presence  of  shock  vaves  on  the  aerofoil  must  be  expected,  and  measurements  on  models  and  in  flight 
(References  10  and  11)  have  demonstrated  supercritical  flows.  Thus  one  of  the  unsteady  characteristics 
associated  with  the  helicopter  rotor  stems  from  the  variation  of  Incidence  mid  stream  velocity  on  a blade 
section  which  Is  experiencing  a mixed  flow.  One  aspect  of  this  type  of  unsteady  aerodynamics  can  bo  the 
generation  of  rotor  noise  by  the  propagation  of  strong  fluctuating  pressure  levels  on  the  advancing  blade. 
Tljdeman  (Reference  12)  has  shown  on  a model  wing  with  time -varying  flap  deflections  that  at  appropriate 
combinations  of  stream  Hach  number  and  lift  coefficient  it  is  even  possible  for  free  shock  waves  to  be 
projected  Into  the  upstream  flow,  leaving  the  aerofoil  as  a discrete  front. 

In  view  of  the  likelihood  of  such  characteristics  on  the  rotor,  and  the  strong  limitations  that  can  be 
experienced  from  conditions  at  the  advancing  blade  effort  has  been  directed  over  the  past  three  years  to 
extend  the  existing  rotor  TSP  calculations  to  Include  a time  dependence.  Caradonna  and  Philippe  (Reference 
11)  have  made  a direct  conqiarlson  between  model  tests  and  a 2-D  theory  to  Identlfir  some  of  tto  likely  char- 
acteristics that  might  be  encountered  on  a rotor  with  strong  supercritical  imsteadlness.  Figure  8,  taken 
from  Ref.  11  shows  some  of  the  coeqjarisons  between  experiment  and  theory  that  were  obtained  from  the  test 
progranmie.  It  Is  partioularly  Interesting  to  note  the  distinct  phase  shift  around  the  azimuth  defining 
the  movement  of  the  shock  wave  across  the  30!t  chordwlse  station.  Correlation  with  the  theoretical  model  is 
clearly  very  good  at  this  radial  station  (approximately  10j{  In  from  the  tip).  At  a station  closer  to  the 
tip  (O.9I16  radius)  correlation  with  the  azimuthal  phasing  of  the  shock  wave  remains  good,  although  sons 
differences  appear  In  the  variation  of  supercritical  pressures  ahead  of  the  shock.  A likely  explanation 
for  this  Is  found  in  the  development  of  a strong  3-dlmensional  character  to  the  flow.  Inboard  from  the  tip 
the  variations  In  sweep  around  the  rotor  can  be  largely  accounted  for  by  using  only  the  coRqpoirent  of  flow 
normal  to  the  leading  edge.  On  an  Infinite  wing  the  differences  produced  by  sweep  forward  or  sweep  back  on 
the  pressure  distribution  over  the  front  of  the  chord  are  small  and  such  a model  Is  representative.  At  the 
tip  of  the  rotor,  (the  .9U^  radius  station  in  this  case),  strong  end  effects  are  present.  At  azimuths 
before  zero  sweep  ( > 70  ) a swept  back  condition  will  exist  and  isobars  would  concentrate  towards  ths 

leading  edge  at  the  tip,  whilst  beyond  - 90°  sweep  forward  would  be  produced  and  therefore  tt«  leading 
edge  would  see  a relief  In  treasure  gradients.  This  Is  clearly  the  trend  of  characteristics  shown  In 
Figure  8 where  at  the  later  azimuth  station  the  strength  of  the  shock  wave  has  clearly  been  reduced, 
compared  with  the  Caradonna  theory  which  Is  based  on  a 2-D  representation.  It  seems  therefore  that  a 
combination  of  the  time  dependent  characteristics  with  a 3-b  model  should  reproduce  more  successfully  the 
measured  characteristics  at  the  extreme  tip  of  the  rotor. 

Clearly  a proper  understanding  of  the  structure  of  supercritical  flows  on  the  blade  tip  Is  important 
In  order  that  planfonn  modifications  can  be  msde  which  alleviate  compressibility  effects  and  benefit  the 
aims  towards  reducing  noise.  RiiUppe's  experiments  have  Indicated  that  time  dependent  tents  must  be 
considered  for  a properly  balanoed  design. 

Mon-Ilnear  Unsteady  Effects 

One  of  the  major  limitations  experienced  on  the  helleopter  rotor  Is  the  generation  of  large  torsional 
loads  associated  with  the  penetration  of  stall  on  the  blade.  Ths  mechanism  for  this  phenomena  Is  rooted  In 
the  behaviour  of  aerofoils  experiencing  time  varying  excursions  Into  and  out  of  stall.  I don't  propose  to 
develop  the  aerofoil  smohanian  discussion  any  further  than  necessary  in  view  of  the  time  already  devoted  to 
the  subject  In  this  sytpoalum,  but  iliere  necessary  It  may  be  appropriate  in  this  section  to  intrude  a little. 
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A minbar  of  workers  In  the  helicopter  field  have  set  about  the  task  of  Introducing  d^naalc  stall 
effects  into  a rotor  calculetloa.  As  Instances  Tarzanin,  Reference  U and  Carter  RefereiKe  13  have 
produced  rotor  calculations  which  allow  djmamlc  anpll  flcatloo  of  both  lift  and  isoiBsnt,  throuj^  the  use  of 
aeaaured  aerofoil  unsteai^  data.  Beddoes,  Reference  6,  has  developed  a tine-delay  model  which  generalises 
the  ''.hevloar  of  the  section  and  sjntheslses  the  resultant  lift  and  aomsnts. 

IVoper  calculation  of  a rotor  blade  behaviour  under  the  Influence  of  dynamic  stall  requires  the 
presence  of  a torsional  degree  of  freedon  to  the  blade  motion  In  order  that  the  pitch  response  of  the  blade 
nay  inlluenoe  the  loads.  The  need  for  higher  order  flapwise  bending  deflections  has  not  to  date  been 
demonstrated,  althoi<gh  It  la  feasible  that  In  particular  cases  soms  representation  nay  be  necessary.  For 
Instance,  the  similarity  of  the  advancing  blade  airload  distribution  to  the  second  flapping  mode  shape  could 
mil  produce  In  a resonance  condition  second  mode  deflections  which  are  significant  In  generating  local 
angle  of  attack.  The  estimation  of  vibratory  lo«l  levels  generated  by  dynamic  stall  would  introduce  the 
need  for  all  natural  frequencies  of  the  blade,  but  It  Is  unlikely  that  the  higher  flatwise  modes  would 
produce  significant  changes  to  the  Incidence  history  seen  by  the  aerofoil.  Ch  the  basis  of  these  ration- 
alisations the  calculation  of  stall  flutter  at  Ipiestland  Helicopters  Is  based  on  one  flapping  node  shape  and 
frequency  and  one  torsional  mode  and  frequency. 

Tarzsnln,  References  li  and  5,  successfully  reprodiced  torsional  waveforms  for  a rotor  undergoing  stall 
flutter,  and  from  analysis  of  the  flight  tost  results  Instanced  a nuaijor  of  areas  In  the  rotor  where  strong 
stall  characteristics  can  prevail.  Figure  9.  Similar  calculations  carried  out  at  Westland  Hellc<^ters  on 
experimental  results  obtedned  from  Wessex  (S58)  and  lynx  have  shown  the  same  characteristic  response  of  the 
blade  at  the  torsional  natural  frequency  with  the  consequent  growth  In  root  control  loads.  Figure  10. 

Further  analysis  of  the  results  to  examine  the  areas  on  the  disk  where  strong  torsional  forcing  exists  lead 
to  a representation  from  theory  of  local  stall  patclms.  Figure  11  Indicates  the  stall  areas  for  the  S58 
rotor  as  weight  is  Increased  near  the  fU^t  envelope.  The  calculation  was  based  on  a rigid  trailing  vortex 
wake  with  shod  effects  represented  by  an  Indlclal  term  in  the  rotor  loads,  as  described  earlier.  The  most 
significant  feature  of  Figure  11  is  the  strong  alignment  of  the  stall  areas  with  the  Intersection  locus  of 
the  blade  and  tip  vortex  from  the  previous  blade.  Clearly  the  strong  incidence  grading  and  elevation  of 
local  angle  of  attack  produced  by  the  vortex  is  a major  Initiator  of  the  djuiamic  stall  sechanlsm,  with  the 
subsequent  blade  response  producing  the  aspllflcatlon  of  the  loads.  Vlthout  a vortex  wake  model  the  Initi- 
ation of  d^maisic  stall  depends  upon  a far  hi^er  level  of  mean  Incidence  being  produced  before  torsional 
motion  Is  excited,  and  as  a result  the  prediction  In  the  break  of  control  loads  with  speed  or  weight  is 
slpilficsntly  delved.  To  illustrate  this  point  Figure  12  shows  a conqjarlson  of  control  load  growth  with 
weight  for  an  S58  for  a vortex  calculation  and  a trapezoidal  (Olauert)  smoothed  downwash  model.  The  two 
models  differ  by  approximately  lOJf  in  weight  at  which  control  load  growth  Is  obvious.  At  the  breaks  however 
control  loads  appear  to  rise  at  similar  rates,  and  It  was  noted  that  torsional  motion  developed  in  a similar 
manger  beyond  the  break  for  each  wake  ntodel.  In  both  of  these  cases  torsional  motion  was  Initiated  near  the 
270  azimuth  position  and  therefore  the  discrepancies  limited  to  the  increment  In  and  Its  derivatives 
associated  with  the  vortex. 

The  presence  of  discrete  vortices  on  dynamic  stall  development  can  have  other  inqmots  on  tte  calculation 
of  rotor  behaviour.  Depending  on  the  number  of  blades  of  tbs  rotor,  Um  advance  ratio  and  the  upwash  field 
at  the  front  of  the  disc,  strong  blade  vortex  Interactions  can  bo  produced  Inboard  near  the  180°  azimuth. 

This  characteristic  has  been  noted  by  Riley,  Reference  1li,  where  tests  on  systematically  rougheimd  blades 
on  a Wessex  showed  the  development  of  high  control  loads  at  the  front  of  the  disk.  The  behaviour  was 
accentuated  in  shallcw  dives  where  the  disk  attitude  was  reduced  relative  to  the  free  stream.  In  addition 
the  level  of  control  loads  associated  with  the  event  at  the  front  of  the  disk  did  not  Increase  with  speed, 
but  remained  nosiinally  constant  until  the  more  usual  retreating  blade  stall  flutter  became  prominent. 

Similar  characteristics  have  been  identified  and  modelled  on  the  lynx.  Figure  13  shows  the  growth  with 
spaed  of  the  lynx  control  load,  having  isolated  the  event  at  the  front  of  the  disk.  Dower  on  Figure  13  the 
full  lynx  waveform  is  showi  and  Ihe  presence  of  tto  event  between  170°  and  230°  Is  clearly  Indicated.  The 
rotor  calculation  was  modified  to  accentuate  the  presence  of  the  vortex  crossing  at  ■ 180°  in  oider  that 
vertical  distortion  could  be  represented.  As  a result  the  control  load  behaviour  was  reproduced. 

Having  identified  the  presence  of  strong  wake  effects  at  the  front  of  the  rotor  It  Is  clear  that 
Increasing  speed  will  lead  to  inboard  movements  of  the  vortex  crossing  with  a resultant  conflicting  mecha- 
nism. The  forcing  will  move  to  areas  of  lower  dynamic  head,  while  the  Incidence  perturbatlwis  will  be 
accentuated.  As  a result  the  variation  of  control  load  is  not  seen  to  change  r^ldly  with  speed.  However 
gross  changes  to  the  aircraft  geometry  can  have  large  effects.  Local  Is  dependent  on  fuselage  upwash 
field  and  blade  tmist,  and  the  combination  of  small  rotor/fuselage  separation  and  high  twist  can  clearly 
be  damaging.  Vibration  lewis  generated  at  the  front  of  the  disk  have  been  quoted  as  the  reason  for 
Increasing  the  mast  height  on  the  UTTAS  aircraft.  References  16  and  17,  both  of  which  had  high  overall 
twist  and  auU  rotor/fuselage  separations.  It  is  worth  noting  that  the  CH53  has  a small  fuselage/rotor 
clearance,  coelilned  with  low  overall  twist  and  does  not  appear  to  suffer  similar  vibration  or  Inbourd 
blade  stall  problems. 

Rotor  Design  Freedoms  to  Alleviate  Stall  Flutter 
Sections 

With  the  arrival  of  a fundamental  predictive  capability  for  the  behaviour  of  rotor  blades  encountering 
dynamic  stall  It  is  clearly  necessary  to  Investigate  how  rotor  designs  should  be  directed  to  alleviate  stall- 
flutter  as  a problttn.  In  the  first  case  the  search  for  an  aerofoil  type  ihlch  eases  the  problem  throu^  the 
developsant  of  unstescty  loads  Is  a prime  target.  It  is  clearly  necessary  to  continue  research  In  the  develop- 
omt  of  separation  on  the  section  in  order  that  ultimately  aerofoils  can  be  designed  on  primarily  unsteady 
requirements.  McCroskey,  Reference  19  has  studied  the  behaviour  of  the  boundary  layer  on  aerofoils  In 
unstea<i^  ccnditlons.  He  has  concluded  as  a result  of  this  work  that  tiie  use  of  a time  delay  based  on 
static  stall  data  to  represent  dynamic  stall  development  is  not  totally  satisfactory.  Further  work  in  this 
field  Is  clearly  necessaiy  to  allow  a move  away  from  aerofcil  deslpi  based  primarily  on  static  chaieoter- 
istios  which  require  subsequent  studies  aimed  at  confirming  benefits  in  the  unsteady  environment. 


Blade  CTnaalcs 

In  addition  to  the  baelc  eectlon  characterlstlce  there  nziete  the  poeBiblllt7  of  eelectlng  rotor 
structural  and  geonetrlc  pararaetars  to  aaae  the  etall  flutter  behaviour  of  the  rotor.  Tareanln  baa  atudled 
the  IqpUcatlone  of  changing  toralcnal  frequency  of  the  rotor  blade  aitd  concludee  on  the  beala  of  both 
experlnental  and  theoretloal  work  that  developoent  of  control  loada  la  algnlflcantly  affected.  It  la 
suggested  by  Tarsanln  that  a suitable  trend  would  be  towards  low  torsional  frequencies  of  the  order  of  U 
oyclea/revolutloD>  in  which  condition  control  loads  are  kept  snail  idille  residual  torslcoal  siotion  la  still 
acceptable.  There  are  however  a nuaber  of  arguoents  idilch  sigiport  an  alternative  high  frequency  solution. 

A elnllar  paraisetrlc  study  has  been  carried  out  by  Beddoes,  Reference  and  an  Inspection  of  the  stskUed 
areas  of  the  disk  has  led  to  a nunber  of  valuable  points.  Figure  Indicates  the  stall  patches  In  the 
fourth  quadrant  of  the  dldc  and  shows  that  after  stall  flutter  Initiation  at  • 270°  the  phasing  of  blade 
Butlon  and  the  subsequent  vortex  intersection  Is  Important.  At  frequencies  of  6 and  6 cycles  per  revolution 
the  blade  Beets  the  vortex  intersection  at  a critical  point  In  Its  torsional  Bution  with  the  result  that 
torsional  amplitude  is  sustained  or  even  grows.  At  extreaie  frequencies  the  notion  is  so  phased  as  to  benefit 
from  the  vortex  Intersection  and  shows  therefore  a decrease  in  amplitude. 

Tarsanln  points  out  that  choice  of  frequency  depends  on  the  advance  ratio  under  consideration^  m>d  this 
Is  relnf(x*ced  by  the  vortex  Interaction  arguments  discussed  above.  At  hitler  aulvance  ratios  the  vortex 
Intersection  Bioves  aft  and  lower  frequency  torsloaial  actions  nay  well  suffer  adversely,  adiile  high  torsional 
frequency  would  have  Biore  cycles  of  Bctlon  in  which  to  decay  before  subsequent  ispacts. 

The  low  frequency  solution  to  torsional  tuning  can  give  rise  to  a persistent  torsional  motion  of 
significant  Biagnltude  as  seen  In  Figure  1li.  This  In  itself  can  give  rise  to  handling  issues.  Fbrthemore 
If  low  torsional  frequency  Is  produced  by  a low  stiffness  design  (as  opposed  to  hi^  Inertia)  response  of 
the  blade  In  torsion  to  low  frequency  Inputs,  say  once  per  revolution  can  become  significant.  Thus  problssis 
associated  with  pansltic  pitch  are  Introduced,  and  the  subsequent  handling  Issues  can  well  be  severe,  even 
In  the  unstalled  region  of  the  flight  envelope. 

Tarsanln  also  suggests  that  high  frequency  solutions  for  blade  torsion  have  a beneficial  Influence  on 
the  advancing  blade  coapresslblllly  flutter,  and  this  furthers  the  argument  that  the  high  frequency  solution 
seems  at  present  the  Best  profitable  approach. 

Spanwlse  idft  Characterlstlce 

Flight  tests  carried  out  by  Riley,  Reference  lit,  showed  that  degrading  near  the  tip  of  the  rotor 

blade  had  a dramatic  effect  on  the  onset  of  stall  flutter.  The  likely  benefilsuO  the  behaviour  of  the  rotor 
from  ImproveBients  to  the  blade  tip  therefore  appear  to  be  worth  analysis.  A brief  theoretical  study  has 
been  carried  out  at  Westlands  In  tdilch  the  dynaislc  stall  characteristics  of  the  blade  sections  were  progress- 
ively rsBioved  from  the  tip  inboard.  Figure  15  shows  the  growth  in  cailrol  loads  for  several  spanwlse 
extents  of  dynastic  stall  suppression.  The  stoat  interesting  feature  Is  the  fact  ttat  control  load  break  and 
thus  the  onset  of  stall  flutter  changes  little,  althou^  the  subsequent  growth  of  loads  and  motion  Is 
significantly  affected.  The  possible  e;q>lanation  for  this  can  be  arrived  at  by  conibinlng  the  findings  of 
Riley's  experlsiante  with  the  theoretical  study. 

A rotor  using  cenetant  section  blades,  such  as  KACA  C012  stalls  out  to  some  90-92 f radius  on  the 
retreating  blade;  stations  outboard  of  this  are  in  a region  of  decreasing  loading  and  are  thus  not  critical. 
However  degrading  of  tip  sections  leads  to  condition  idiere  tip  loadings  are  critical  and  an  ispact  Is 

Blade  on  the  developmST  of  stall  flutter.  Improvement  in  local  stall  behaviour  will  not  be  felt  by  the 
rotor  until  sufficient  spanwlse  extent  of  the  tip  has  been  influenced  to  encroach  on  an  originally  stalled 
section.  Here  an  Increment  In  torsional  forcing  Is  removed  and  a valuable  increment  In  positive  damping  is 
introduced.  In  a region  of  high  dynaede  head.  Thus  control  loads  and  torsional  motions  grow  Biore  slowly. 

Other  mechanisms  which  can  contribute  to  the  pitch  damping  at  the  extrero  tip  would  also  appear  to  be  of 
value  In  controlling  atadl  flutter.  Slkorslqr,  Reference  16,  make  use  of  a swept  extreme  tip  on  the  basis 
that  it  suppresses  torsional  loads  at  stall,  and  this  appears  to  align  with  the  view  that  torsional  dasplng 
has  bean  added  In  the  tip  region. 

Features  Affecting  the  Satisfactory  Prediction  of  Rotor  Blade  Stall 

In  the  previous  discussion  of  rotor  non-linear  unsteady  aerodynamics  cne  significant  Bmchanism  appears 
to  dominate  the  problem,  namely  the  Interaction  of  the  blade  lifting  surface  with  a discrete  vortex.  The 
three  dominant  locations  for  this  occurrence,  namely  the  front  of  the  disk,  the  retreating  side  ( ■ 270) 

and  the  rear  quadrant  align  closely  with  the  positions  Tarsanln  Identified  experimentally  for  stall,  shown 
in  Figure  16.  This  is  clearly  an  area  where  effort  Btust  be  concentrated  both  threu^  Biodelling  of  the  rotor 
aeroi^mamlc  structure  as  well  as  through  proper  synthesis  of  the  local  aerofoil  characteristics. 

For  the  aerofoil  dynasde  stall  characteristics  the  large  body  of  available  Information  is  based  on 
harmonic  Biotlon  of  the  section  Into  and  out  of  stalled  conditions.  Ihe  essentially  non  harmonic  nature  of 
passage  near  a vortex  requires  more  detailed  appraisal  and  its  app'occlmatlon  by  a hsTBionlc  representation 
requirea  validatlan.  In  the  U.K.  the  unsteady  aerofoil  facility  at  ARA,  Bedford  Is  being  exercised  both  In 
harBDnlc  and  non-hannanic  (ramps,  steps,  etc.)  tests.  The  aim  Is  to  produce  a theoietlcal  Btodel  for  lift 
and  BOBient  histories  adilch  can  cope  with  a range  of  Biotlons. 

Tn  Biodelling  the  rotor  environment  some  of  the  deficiencies  produced  by  the  use  of  a rigid  wake  structure 
have  already  been  encountered,  naswly  modelling  loading  peaks  at  the  front  of  the  disk.  It  Is  not  yet 
resolved  how  far  wake  dletortlon  must  be  accounted  for  In  rotor  calculationB . Certainly  the  trajectoriee 
(especially  the  vertical  location)  of  the  wake  from  the  p'ecedlng  pair  of  blades  should  be  properly  repre- 
sented, although  wake  location  Bay  not  be  so  Important  for  older  segBmnte  ihlch  do  not  Interact  directly 
with  later  blades. 
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Cone las Ions 

In  reviewing  hallooptsr  anetendy  aerodynamics,  an  attenpt  has  been  made  to  highllgjit  a limited  nusiwr 
of  the  problem  areas  which  present  themselrea  in  the  development  of  prediction  tools  for  rotors.  It  is 
noted  that  W.P.  Jonas  has  reviewed  the  activity  covering  helicopter  rotor  unsteady  aerodynamics  and  has 
examined  the  problems  of  flutter,  both  at  high  Mach  numbers  and  associated  with  wake  interactions  at  low 
speeds.  Without  wishing  to  repeat  Jones'  paper  the  scope  of  Uie  discussion  presented  here  is  aiamd  largely 
at  developments  which  aid  our  prediction  of  the  flight  envelope  in  cruise  flight.  Thus  in  broad  terms 
problwns  addressed  aret 

1 . Adequate/necessary  wake  modelling 

2.  Advancing  blade  supercritical  characteristics 

3.  Stall  flutter 

Modelling  the  effects  of  the  wake  away  from  discrete  vortices  and  separation  has  been  guided  by  early 
work  on  full  wake  models,  parUcularly  that  of  Miller.  Current  practice  in  structuring  only  the  trailing 
wake,  idille  treating  the  shed  wake  through  the  application  of  Theodorsen  or  Wagner  ludels  has  its  Justlfl- 
caUon  in  findings  such  as  those  of  Miller. 

Uie  prediction  of  rotor  blade  stcdl  flutter  is  based  on  the  aerodynamic  model  of  the  rotor  as  described 
abow.  It  is  noticeable  that  in  many  cases  where  stall  flutter  is  promoted  a parameter  in  the  nchanlsm  is 
found  to  be  the  passage  of  the  blade  over  a discrete  trailing  vortex.  The  essentially  non-harmonic  nature 
of  the  vortex  intersection  mist  bo  properly  dealt  with  in  the  aerofoil  dynamic  staU  model.  Work  is  stiU 
required  to  ensure  that  developments  in  dynamic  stall  representations  can  account  for  events  which  approx- 
imate to  disccntlnuous  changes  in  incidence  through  stall. 

A further  implication  of  the  important  part  that  discrete  vortices  play  in  the  developmnt  of  stall 
flutter  is  that  the  location  of  the  vortex  in  space  mist  be  given  more  attention.  The  need  to  allow  the 
early  vortex  trajectory  to  be  determined  by  such  Inputs  as  local  Induced  velocity  field  nd  fuselage  fl  m 
field  can  be  Important,  especially  at  the  front  of  the  rotor. 

The  control  of  supercritical  flows  on  the  advancing  blade  of  the  rotor  has  bet.^  receiving  attention 
for  some  time.  The  development  and  apparent  hysterisis  in  the  supercritical  patch  has  an  important  effect 
on  the  choice  of  planform.  Furthermore  the  possible  relief  to  be  gained  by  the  three-diiimnslonal  effects 
at  the  rotor  tip  must  bo  accounted  for,  as  noted  by  Philippe  and  Caradonna. 
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NON  LINEAR  UNSTEADY 
AERODYNAMICS 
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a.  EQUIVALENT  THEODORSEN  FUNCTIONS 
FOR  A ROTOR  (THRD.  HARMONIC  OF 
OOWNWASH). 


WITH  FULL  ROTOR  WAKE  CALCULATION 
FOR  VARIOUS  HARMONICS  OF  DOWN  WASH  (n). 

FIG.  2. 


ALTERNATING  PITCH  LINK  LOAD  - LBS. 


THE  EFFECT  OF  INTRODUCING  UNSTEADY 
AERODYNAMIC  TERMS  INTO  A ROTOR 
CALCULATION  OF  BLADE  CONTROL  LOADS 
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ROOT  TORSIONAL  LOAD  WAVEFORM 
FOR  A ROTOR  WITHIN  THE  FLIGHT 
ENVELOPE 


FIG.  4. 


PITCH  ' P^TCf^  PLUNGE 

(CONVENTIONAL  FLOW)  (REVERSE  FLOW)  MOTION 


REDUCED  FREQUENCY  REDUCED  FREQUENCY  REDUCED  FREQUENCY 

IK)  IK)  , Ik) 


COMPARISON  OF  HARMONIC  OSCILLATION 
TEST  DATA  WITH  THEORY. 


FIG.  5. 
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RETREATING  SIDE 


CONTOURS  OF  CONSTANT  VORTICITY 
FOR  THE  "X  WING' AIRCRAFT  AT/^f  =0  7 


FIG. 


COMPARISON  BETWEEN  FLIGHT  TEST  AND  THEORY 
FOR  BLADE  TORSIONAL  MOTION  IN  STALL  FLUTTER 
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DEVELOPMENT  OF  MAJOR  STALL  AREAS 
WITH  AIRCRAFT  WEIGHT  AT  CONSTANT  Af. 


COMPARISON  BETWEEN  SMOOTHED  WAKE 
AND  DISCRETE  VORTEX  REPRESENTATION 
IN  THE  DEVELOPMENT  OF  STALL  FLUTTER. 


FIG.  12. 


CONTROL  LOAD  ASSOCIATED  WITH 
PRESENCE  OF  A DISCRETE  VORTEX 
ENCOUNTER  AT  THE  FRONT  OF  THE 
DISK. 


LOADS  WITH  RIGID  WAKE  THEORY  AND 
THE  EFFECTS  OF  WAKE  DISTORTION. 


3. 


AZIMUTH  - DEG.  w. TORSIONAL  FREOUENCX/j 

STALL  AREAS  WITH  RESULTANT 
WAVEFORM  AND  LOADS  FOR 
VARIOUS  TORSIONAL  FREQUENCIES 
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ROTOR  THRUST  {LBS.I 


BEHAVIOUR  OF  BLADE  CONTROL  LOADS 
V\/HEN  DYNAMIC  STALL  IS  REMOVED 
OVER  A RANGE  OF  SPANWISE  EXTENTS 
FROM  THE  TIP  INBOARD. 


FIG.  15. 
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UNSTEADY  FLOWS  IN  TURBOMACHINES  - A REVIEW  OF  CURRENT  DEVELOPMENTS 

by 

M.  F.  Platzer 
Professor  of  Aeronautics 
Naval  Postgraduate  School 
Monterey,  California  93940 
USA 


SUMMARY 

Recently,  the  study  of  unsteady  flows  in  turbomachines  has  received  increased 
attention  due  to  the  growing  realization  of  the  impact  of  unsteady  flow  effects  on 
engine  performance  and  stability  in  distorted  inlet  flow,  engine  efficiency,  aeroelastic 
staoility  and  noise  generation.  For  this  reason,  a number  of  symposia  have  been  held 
during  tne  past  few  years  on  various  aspects  of  the  unsteady  flow  phenomena  in  turbo- 
macnines,  e.g.,  the  Project  SQUID  meetings  on  Aeroelasticity  in  Turbomachines  1972, 
Unsteady  Flow  in  Jet  Engines  1974,  the  AGARD  46th  Propulsion  and  Energetics  Panel 
Meeting  on  Unsteady  Phenomena  in  Turbomachinery  1975  and  the  lUTAM  Symposium  on  Aero- 
elasticity in  Turbomachines  1976.  It  is  the  objective  of  this  paper  to  review  the  past 
developments  and  the  current  status  of  turbomachinery  unsteady  aerodynamics  as  reflected 
in  tnese  symposia  as  well  as  in  other  related  meetings  and  papers.  One  of  the  major 
recommendations  of  the  AGARD  PEP  meeting  was  the  need  for  a review  and  assessment  of 
the  current  state-of-the-art  of  theoretical  unsteady  turbomachinery  aerodynamics. 
Therefore,  an  attempt  is  made  to  highlight  the  theoretical  treatment  of  the  various  un- 
steady flow  pnenomena  in  turbomachines  and  to  indicate  the  relationship  of  these 
phenomena  and  methods  with  those  encountered  in  external  unsteady  aerodynamics.  Also, 
recomnendations  for  future  directions  and  work  are  given. 


1.  Introduction 

Recently,  the  study  of  unsteady  flows  in  turbomachines  has  received  increased 
attention  due  to  the  growing  realization  of  the  impact  of  unsteady  flow  effects  on 
engine  performance,  efficiency,  stability  and  noise  generation.  The  latter  three 
problems  nave  acquired  new  and  obvious  importance  in  the  last  few  years  because  of  the 
worsening  energy  situation,  the  occurrence  of  new  flutter  problems  in  high-speed  fans 
and  compressors,  and  the  increasingly  strict  noise  regulations. 

As  nas  been  known  for  some  years,  it  is  the  very  fact  of  fluctuating  flow  in  turbo- 
macnines  whicn  allows  work  to  be  done  on  the  fluid  by  pressure  forces  and  therefore 
provides  the  basic  mechanism  for  energy  transfer.  Yet,  in  the  past,  unsteady  flow 
calculations  have  been  avoided  by  considering  only  the  time  averaged  equations  or  by 
assuming  the  flow  to  be  steady  in  rotor  fixed  coordinates.  The  latter  assumption  is 
valid  only  for  single  rotating  blade  rows  operating  in  uniform  inlet  flow  but  fails  to 
describe  the  complex  interactive  flows  in  a multi-stage  machine.  Here,  even  with  uniform 
inlet  flow  there  occur  strong  unsteady  potential  and  viscous  flow  interactions  between 
stationary  and  rotating  blade  rows  which  are  further  complicated  by  wake  cuttings, 
viscous  vortices  sued  from  blade  tips  and  cross  flows  at  the  end  walls.  In  supersonic 
flow,  additional  snock  cuttings  and  reflections  teUce  place  as  evidenced  by  recent  flow 
visualization  studies  using  laser  holography.  Flow  separation  caused  by  blade  operation 
at  large  incidence  angles  can  lead  to  various  flow  instabilities  (rotating  stall,  surge) 
which  may  impose  large  vibratory  or  transient  blade  stresses.  All  these  phenomena  are 
further  complicated  by  operation  with  inlet  distortions  or  disturbances  created  further 
downstream  (such  as  afterburner  light  in  a turbofan  engine),  by  aero-structural  inter- 
actions (flutter)  and  by  noise  generation  phenomena. 

Various  aspects  of  these  unsteady  flow  phenomena  occurring  in  modern  turbomachines 
have  been  the  subject  of  recent  symposia,  such  as  the  Project  SQUID  meetings  on  Aero- 
elasticity in  Turbomachines  (Fleeter  1972) , Unsteady  Flow  in  Jet  Engines  (Carta  1974) , 
AGARD  46tn  Propulsion  and  Energetics  Panel  Meeting  on  Unsteady  Phenomena  in  Turbomachinery 
(AGARD  1975),  and  the  lUTAM  Symposium  on  Aeroelasticity  in  Turbomachines  (lUTAM  1976). 
Also,  it  should  be  noted  that  this  subject  receives  considerable  attention  in  the  USSR 
as  indicated  by  various  conference  proceedings,  e.g.  the  papers  presented  at  the  Fourth 
Conference  on  Problems  of  Aeroelasticity  of  Turbomachines  (Pisarenko  and  Ol'shtein  1974), 
tne  Fifth  Congress  on  Problems  of  Aeroelasticity  of  Turbomachines  held  in  Riga  (Ol'shtein 
1976)  and  books  by  G.  S.  Samoylovich  (1969,  1975)  and  Gorelov  and  collaborators  (1971, 
1974).  Further  recent  surveys  are  those  of  Fabri  (1971),  Platzer  (1975),  Fleeter  (1977) 
and  Sisto  (1977) . 

It  is  the  objective  of  this  paper  to  review  the  past  developments  and  the  current 
status  of  turbomachinery  unsteady  aerodynamics  as  reflected  in  the  above  references  and 
other  related  meetings  and  papers.  In  view  of  the  great  amount  of  available  material  a 
certain  selectivity  is  unavoidable.  Therefore,  an  attempt  is  made  to  highlight  the 
theoretical  treatment  of  the  various  unsteady  flow  phenomena  since  one  of  the  major 
, recossnendations  of  the  AGARD-PEP-Meetlng  concerned  the  need  for  such  a review.  Experi- 

mental studies  will  be  discussed  prisiarlly  from  the  point  of  view  of  providing  insight 
into  the  basic  phenomena  and  of  furnishing  con^arisons  with  the  theoretical  predictions, 
f Unsteady  phenosiena  in  hydraulic  turbomachines  due  to  cavitation,  for  example,  are 

i 
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excluded  from  this  discussion. 

2.  Unsteady  Phenomena  in  Turbomachinery 

It  is  well  worth  to  remember  that  the  flow  in  turbomachines  must,  of  necessity,  be 
unsteady  if  work  is  to  be  done  on  or  by  the  fluid.  This  important  fact  follows  from  the 
relation  oetween  the  stagnation  enthalpy  h , the  density  p and  the  pressure  p 

£il  = 1 lE 

Dt  p 3t 

wnich  shows  tnat  the  static  pressure  must  fluctuate  locally  if  work  is  to  be  done  on  the 
fluid  by  pressure  forces.  Although  pointed  out  by  B.  Eck  (1957)  and  R.  C.  Dean  (1959) 
this  fact  is  not  always  sufficiently  appreciated  in  the  turbomachinery  community  because 
current  design  procedures  are  based  on  time-averaged  analyses. 

To  quantify  tne  amount  of  flow  unsteadiness  it  is  convenient  to  introduce  a reduced 
frequency  parameter 


where  V is  the  fluid  velocity,  b a length  scale  such  as  blade  chord  or  engine  length 
and  u the  frequency  of  oscillation.  This  parameter  shows  that  many  phenomena  such  as 
flutter,  resonance,  surge  and  rotating  stall  are  basically  unsteady  phenomena  which 
require  unsteady  rather  than  quasi-steady  analyses.  Engine  acceleration  or  deceleration 
effects,  on  the  other  hand,  are  quasi-steady  phenomena  because  the  time  of  an  accelera- 
tion or  deceleration  is  typically  from  1 to  10  seconds  whereas  the  transport  particle 
time  through  the  engine  is  a few  milliseconds. 

Before  discussing  the  currently  avail£d]le  prediction  methods  for  unsteady  turbo- 
machinery flows  an  overview  of  the  most  important  phenomena  and  problems  is  first  given 
in  this  section. 

2.1  Unsteady  Flow  Effects  in  Turbomachines  Exposed  to  Uniform  Inlet  Flow 

As  already  pointed  out,  the  flow  through  a turbomachine  is  a fluctuating  one  even 
though  tne  inlet  flow  may  be  uniform  and  steady.  This  fact  can  be  appreciated  from 
Fig.  1 wnich  shows  the  primary  sources  of  flow  fluctuations  generated  in  multi-stage 
axial  turbomachines,  i.e.,  potential  flow  interactions  between  stator  and  rotor  blade 
rows,  vortex  snedding  from  blade  tips,  wake  formations  ^uld  cuttings,  cross-flow  develop- 
ments at  tne  end  walls,  and,  in  supersonic  flow,  intricate  shock  formations,  reflections 
and  shock  boundary  layer  interactions. 


A simplified  picture  of  the  rotor-stator  interaction  process  is  shown  in  Fig.  2 
whicn  is  obtained  by  unwrapping  a stage  annulus  of  differential  radial  height  into  a 
rectilinear  two-dimensional  cascade.  The  vortex  wakes  shed  from  the  rotor  blades  are 
intersected  by  the  stator  blades  and,  as  can  be  seen  from  the  velocity  triangles,  acquire 
a slip  velocity  which  transports  them  towards  the  pressure  side  of  the  stator  passage. 
Thus,  tne  rotor  wake  fluid  tends  to  be  collected  on  the  pressure  side  of  the  stator 
blades  and,  ultimately,  merges  into  the  stator  wakes.  Because  of  the  higher  stagnation 
temperature  of  the  rotor  wakes  compared  to  the  inviscid  flow  stagnation  temperature, 
the  temperature  profile  at  the  stator  exit  tends  to  be  that  shown  in  Fig.  3.  These 
intra-stator  transport  processes  of  rotor  wakes  therefore  cause  a substantial  redistri- 
bution of  stagnation  enthalpy  and  have  an  important  effect  on  compressor  performance 
(Kerrebrock  and  Mikolajczak  1970). 

Even  without  blade  interaction,  the  wakes  shed  off  a single  stage  can  generate 
significant  flow  non-uniformity  and  unsteadiness.  Thompkins  and  Kerrebrock  (1975) 
measured  the  exit  flow  field  of  a single  transonic  rotor  and  found  large  radial  velocity 
components  and  large  static  pressure  fluctuations  near  the  blade  wakes.  A typical 
measurement  is  shown  in  Fig.  4.  In  addition,  they  observed  an  interesting  transition  of 
the  flow  field  from  a 23-lobe  pattern  (the  number  of  blades)  to  a 16-lobe  pattern  further 
downstream  wnlcn  suggests  the  existence  of  remarkable  wake  instabilities  under  certain 
circumstances.  Some  evidence  supporting  this  observation  has  been  supplied  by  Kerrebrock 
(1974)  wno  identified  two  classes  of  wake  shear  disturb^Lnces,  one  of  which  is  unstable, 
thus  promoting  rapid  initial  wake  decay  whereas  the  other  is  oscillatory  and  therefore 
may  persist  much  longer.  Also,  as  shown  by  Lakshmlnarayana  (1975),  Important  differences 
exist  in  the  wake  spreading  and  decay  behavior  of  rotor  wakes  compared  to  airfoil  or 
cascade  wakes.  Rotor  wakes  decay  much  faster  close  to  the  trailing  edge  but  change  to 
a much  slower  decay  further  downstream.  Again,  the  underlying  physical  mechanism  is 
not  fully  understood. 

Additional  complexities  arise  from  compressibility  effects.  Fig.  5 shows  a sche- 
matic of  the  rarefaction  and  shock  wave  pattern  generated  by  a cascade  with  supersonic 
exit  flow.  Tne  interaction  with  the  neighbouring  rotor  blade  row  is  seen  to  produce 
complicated  shock  cuttings  and  thus  additional  important  flow  non-uniformity  and 
unsteadiness.  These  interaction  effects  have  recently  been  studied  in  some  detail  by 
Arnoldl  (1974),  Callus  (1975),  Heyer  (1974)  using  rotating  test  rigs  and  two  examples 
taken  from  Arnold!  (1974)  2uid  Callus  (1975)  are  shown  in  Figs.  6 and  7. 
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It  is  important  to  remember,  however,  that  viscous  wake  and  shock  interactions  are 
not  the  only  mechanisms  generating  pressure  fluctuations.  Even  purely  potential  flow 
interactions  may  cause  significant  fluctuations  and  stresses  as  exemplified  in  Fig.  8. 
Here,  a thick  strut  located  in  a cascade  of  airfoils  one  chord  downstream  of  a rotor  is 
seen  to  induce  a strong  disturbance.  Furthermore,  small  changes  in  strut  geometry  and 
angle  of  attack  are  apt  to  produce  significant  changes.  A similar  effect  can  be  exerted 
by  probes  located  downstream  of  a rotor.  More  generally,  the  potential  flow  interactions 
due  to  closely  spaced  blade  rows  - in  addition  to  the  effects  of  unsteady  wake  transport 
and  wake  mixing  - can  have  an  important  impact  on  turbomachinery  performance  and 
vibratory  stress  levels.  This  can  be  understood  by  visualizing  the  blades  as  emitters 
of  acoustic  waves  which  propagate  in  all  directions  and  which  are  reflected  from 
neignbouring  blades  and  solid  boundaries.  Under  certain  conditions  standing  wave 
patterns  are  possible  such  as  the  case  of  regular  wave  reflection  shown  in  Fig.  9.  The 
impact  of  these  wave  interaction  pnenomena  on  vibratory  stress  and  noise  levels  requires 
a detailed  analysis.  The  current  status  of  these  techniques  is  discussed  in  Section  3. 

2.2  Response  to  Distorted  Inlet  Flow 

Inlet  flow  distortions  are  commonly  encountered  in  many  situations,  e.g.,  during 
aircraft  operations  in  cross  winds  or  on  military  aircraft  subjected  to  steam  ingestion 
during  carrier  launches  or  to  exhaust  gas  ingestion  from  forward  firing  weapons.  These 
and  similar  conditions  cause  pressure,  temperature,  or  foreign  gas  type  of  distortions 
whicn  can  severely  affect  engine  operations. 

The  resulting  flow  problem  can  be  visualized  by  considering  a rotor  blade  moving 
through  a distorted  flow  which  is  stationary  in  the  stator  frame  of  reference.  The 
blade  experiences  velocity  and  angle  of  attack  fluctuations  at  a rate  given  by  the  non- 
dimensional  frequency 

. _ b . 360  , U 
- r “5“  C 

Where  b is  the  axial  projection  of  rotor  chord,  r is  the  compressor  radius  at  the 
blade  section,  G is  the  distortion  extent  in  degrees,  U is  the  tangential  blade 
speed  and  C is  the  axial  air  velocity.  This  parameter  compares  the  time  spent  by  a 
fluid  particle  in  a rotor  passage  to  the  time  spent  by  the  rotor  in  the  distorted  seg- 
ment. Typical  values  of  k vary  from  nearly  zero  for  short  chord  compressors  subjected 
to  large  distortions  to  well  over  unity  for  long  chord  compressors  subjected  to  distortion 
of  small  extent.  As  a result,  the  aerodynamic  lift  response  of  the  blade  may  vary  from 
quasi-steady  for  low  frequency  values  to  a highly  oscillatory  response  for  large 
frequencies.  A number  of  prediction  methods  have  been  worked  out  using  various  concepts 
and  assumptions,  e.g.,  the  parallel  compressor  model,  the  two-dimensional  linear  body 
force  model,  tne  two-  and  three-dimensional  linear  actuator  disc  models,  nonlinear 
actuator  disc  models  and  lumped  volume  models.  A comprehensive  review  of  these  approaches 
has  recently  been  given  by  Mokelke  (1974) . 

Large  inflow  distortions  are  also  observed  in  partial  admission  turbines.  The 
importance  of  the  resulting  unsteady  flow  effects  on  turbine  performance  was  pointed 
out  by  U.  Kraft  (1957,  1968)  who  also  described  interferometric  flow  visualization 
studies  in  radial  in-flow  turbines  with  partial  admission.  These  investigations  proved 
the  existence  of  large  pressure  pulsations  and  of  highly  three-dimensional  flow  effects 
thereby  demonstrating  the  inadequacy  of  loss  estimate  based  on  two-dimensional  steady 
flow  assumptions.  Examples  of  additional  unsteady  flow  studies  in  partial  admission 
turbines  are  those  of  Woods  et  al.  (1968)  and  Chu  (1965). 

2.3  Surge  and  Rotating  Stall 

Throttling  of  the  flow  through  a compressor  from  its  deisgn  flow  condition  towards 
the  stall  limit  eventually  causes  a flow  instability  which  may  take  the  form  of  surge  or 
of  rotating  stall  (Fig.  10) . During  surge  the  average  annulus  flow  through  the  com- 
pressor exhibits  large  amplitude  oscillations.  Rotating  stall,  on  the  other  hand,  is  a 
flow  phenomenon  where  stall  cells  rotate  around  the  circumference  but  where  the  average 
annulus  flow  remains  virtually  constant.  Both  phenomena  produce  large  vibratory  blade 
stresses  making  it  necessary  to  avoid  engine  operations  in  either  surge  or  rotating  stall 
for  any  substantial  length  of  time.  Recently,  progress  has  been  made  in  the  prediction 
of  compression  system  instability  (Greltzer  1976) . 

2.4  Turbomacninery  Flutter 

The  self-excited  oscillation  (flutter)  of  an  aerodynamical ly  lifting  surface  has 
been  of  concern  to  aeronautical  engineers  since  its  first  occurrence  on  a Handley  Page 
bomber  in  WWI.  Two  different  types  of  flutter  can  be  distinguished  at  the  outset,  i.e., 
attached  flow  and  separated  flow  (stall)  flutter.  Both  types  of  flutter  also  occur  in 
turbomachines.  However,  there  are  important  differences  between  aircraft  and  turt>o- 
machinery  flutter. 

Wing  bending  oscillations  in  an  attached  incompressible  flow  are  found  to  be  always 
damped  and  wing  flutter  is  excited  only  by  the  coupling  of  two  or  more  degrees  of  freedom 
(bending/torsion  etc,).  In  a turbomachinery  cascade  the  situation  is  more  complex  because 
the  neighbouring  blades  Interact  with  the  reference  blade.  Nevertheless,  their  effect 
usually  is  a damping  one.  Indeed,  the  greatest  aerodynamic  damping  results  when  the 
blades  oscillate  in  counterphase  because  in  this  case  the  normal  velocities  induced  by 
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neighbouring  profiles  are  directed  against  the  motion  of  the  reference  blade.  However, 
if  the  cascade  is  oscillating  in  a non-uniform  flow  (corresponding  to  a highly  loaded 
cascade  which  produces  large  flow  turning)  an  unsteady  force  component  may  originate 
which  Ccin  extract  energy  from  the  main  flow  and  thus  reinforce  the  oscillation.  In 
contrast  to  the  highly  dangerous  coupled  wing  flutter  cases  encountered  in  attached  low 
speed  flow  tne  mass/inertia  ratios  and  center  of  gravity  positions  of  typical  turbo- 
machinery blades  are  usually  such  that  they  preclude  blade  flutter  ii.  this  flow 
situation. 

Coi^ressibility  effects,  on  the  other  hand,  can  drastically  alter  this  conclusion. 
Here,  single  degree  of  freedom  flutter  is  a definite  possibility  and  it  is  now  well 
recognized  that  mixed  subsonic/supersonic  or  purely  supersonic  flow  may  easily  induce 
negative  aerodynamic  pitch  damping.  Indeed,  many  transonic  and  supersonic  airplanes 
have  experienced  single  degree  of  freedom  control  surface  flutter.  Recent  studies  have 
shown  that  the  interaction  between  neighbouring  blades  in  a transonic  or  supersonic 
cascade  are  highly  destabilizing  for  certain  pareuneter  combinations.  This  fact  together 
with  the  current  design  trends  to  operate  modem  turbomachines  at  transonic/supersonic 
tip  speeds  in  order  to  achieve  higher  pressure  ratios  per  compressor  stage  and  higher 
work  extraction  ratios  per  turbine  stage  places  increased  emphasis  on  the  study  of  high- 
speed turbomacninery  flutter  phenomena. 

Fig.  11  shows  the  commonly  encountered  compressor  flutter  boundaries.  The  super- 
sonic unstalled  flutter  boundary  is  seen  to  cross  the  operating  line  and  thus  imposes  a 
definite  design  constraint.  Also  shown  is  the  choke  flutter  boundary  which  may  be 
encountered  wnen  the  blade  is  operating  at  near-choke  conditions  and  the  flow  is  transonic 
over  most  of  the  blade  chord.  The  other  two  flutter  boundaries  are  stall  flutter  bounda- 
ries. The  subsonic  boundary  may  occur  in  a high-speed  fan  operating  at  part-speed  or  in 
a low-  or  nigh-pressure  compressor  operating  at  or  near  design  speed.  This  type  of  stall 
flutter  has  been  a recurring  problem  in  turbomachinery  design  for  many  years.  The 
supersonic  stall  flutter  boundary  is  of  more  recent  origin  and  is  encountered  during 
supersonic  operation  near  the  surge  line.  Additional  flutter  problems  have  been  found  in 
the  last  stages  of  steam  and  gas  turbines  which  are  described  in  some  detail  by  Pigott  and 
Abel  (1974)  and  Samoylovich  (1969). 

3.  Aerodynamic  Prediction  Methods 


The  analyst  of  unsteady  flow  effects  in  turbomachines  is  confronted  with  the  problem 
of  determining  the  unsteady  three-dimensional  viscous  flow  through  geometric  configura- 
tions of  enormous  complexity.  This  task  clearly  requires  the  introduction  of  considerable 
simplifying  assumptions  in  order  to  make  the  problem  mathematically  tract2d}le.  Therefore, 
the  effects  of  viscosity  are  usually  neglected  at  the  outset  and  the  occurring  distur- 
bances are  usually  assumed  to  be  sufficiently  weak  as  to  permit  a potential  flow  emalysis. 
This  makes  it  possible  to  use  the  wave  equation  for  moving  media  discussed  by  Garrick 
(1957)  as  the  basic  governing  equation 

ij(|_+0.V)2^  = (1) 


V is  the  local  flow  velocity,  a the  local  velocity  of  sound  and  f the  velocity 
potential.  For  low  speed  flows  the  incompressibility  assumption  can  readily  be  made 
whicn,  of  course,  reduces  Eq.  (1)  to  the  Laplace  equation 

= 0 (2) 


For  compressible  flows,  solution  of  the  Euler  equations  or  of  Eq.  (1)  for  unsteady 
internal  flow  problems  has  been  attempted  only  in  a few  cases.  Rather,  in  analogy  to 
the  well  proven  methods  of  unsteady  external  aerodynamics  discussed  in  several  texts, 
e.g.,  Bisplinghoff  et  al.  (1955)  and  Jones  (1962),  the  further  assumption  of  linearized 
perturbations  superimposed  upon  a uniform  flow  is  generally  made  leading  to  the  well 
known  linearized  unsteady  potential  equation 


U = free-stream  speed 
c = velocity  of  sound 
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This  equation  has  been  the  subject  of  detailed  investigations  since  aircraft  speeds 
approached  the  speed  of  sound  in  WWII.  A comprehensive  exposition  of  the  various  solu- 
tion methods  and  results  for  external  unsteady  aerodynamics  can  be  found  in  the  above 
mentioned  texts.  No  similar  treatment  of  unsteady  internal  aerodynamics  is  availidsle  in 
the  English  literature  but  two  Russian  textbooks  (Samoylovich  1969,  Gorelov  et  al.  1971) 
have  recently  been  published. 


As  first  shown  by  Lin,  Relssner  and  Tsien  (1948)  for  mean  flow  velocities  close  to 
the  speed  of  sound  Eq.  (3)  is  valid  only  if  the  flow  is  sufficiently  unsteady.  For  flows 
with  small  unsteadiness  (low  frequencies)  the  proper  small  perturbation  approximation  of 
Eq.  (1)  is  given  by 
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where  M is  the  free-stream  Mach  number.  Its  solution  still  presents  formidcd>le  diffi- 
culties. For  a recent  discussion  of  transonic  flow  problems  in  turbomachinery  compare 
Adamson  and  Platzer  (1977) . 

Over  the  last  quarter  century  a number  of  solutions  of  increasing  complexity  have 
been  developed  for  unsteady  turbomachinery  flows  whose  review  will  be  attempted  in  the 
following  sections.  Still  today,  most  analyses  are  based  on  the  two-dimensional  flow 
approximation  of  the  actual  flow  which  is  obtained  by  unwrapping  an  annulus  of  differen- 
tial radial  height  from  the  flow  passage  of  an  axial  flow  turbomachine.  This  produces 
the  cascade  flow  model  of  staggered  blade  rows  embedded  in  a main  flow.  Further  limiting 
the  analysis  to  the  study  of  a single  blade  row  finally  leads  to  a well  defined  and 
rather  widely  investigated  class  of  problems. 

3.1  The  Lightly  Loaded  Cascade  in  Unsteady  Incompressible  Flow 

Work  on  incompressible  unsteady  cascade  aerodynamics  started  in  the  early  fifties 
with  the  investigations  of  Billington  (1949) , Lilley  (1952) , Sohngen  (1953) , Kemp  and 
Sears  (1955),  Legendre  (1954),  Mendelson  and  Carrol  (1954)  Sisto  (1952,  1955),  Woods 
(1955),  Chang  and  Chu  (1955)  and  Nickel  (1955).  The  related  problem  of  wind  tunnel 
interference  was  studied  by  W.  P.  Jones  (1950)  and  Timman  (1951) . Here,  an  airfoil 
situated  between  two  wind  tunnel  walls  is  equivalent  to  an  unstaggered  cascade  whose 
blades  are  oscillating  in  counterphase.  These  approaches  were  mostly  based  on  the 
modelling  of  the  blades  by  vortex  distributions  which  lead  to  integral  equations  for  the 
unknown  vortex  strength  although  other  methods  were  also  pursued,  e.g.  the  conformal 
mapping  techniques  of  Legendre  (1954) , Chang  and  Chu  (1955)  and  Woods  (1955) . Sisto 
(1955)  produced  the  first  detailed  results  for  the  case  of  unstaggered  cascades. 

Further  studies  of  oscillating  cascades  in  the  following  years  are  those  of  Isay 
(1958),  Khaskind  (1958),  Popescu  (1957,  1958),  Sohngen  and  Meister  (1958),  Meister  (1960), 
Samoylovich  (1961a,  b) , Belotserkovskiy  et  al  (1961),  Musatov  (1963),  Kurzin  (1964), 
Gorelov  and  Dominas  (1965),  Va)chomchik  (1965a,  b)  and  Lefcort  (1965). 

The  vortex  modelling  approach  was  further  exploited  by  Whitehead  (1960)  who  published 
extensive  tables  of  force  and  moment  coefficients  for  vibrating  airfoils  in  cascade  and 
later  (Whitehead  1962)  extended  it  to  finite  mean  incidences  while  the  Northern  Research 
and  Engineering  Company  (1964)  accounted  for  both  finite  mean  incidence  and  c^unber. 
Musatov's  (1963)  work  is  an  extension  of  Sisto's  solution  to  the  case  of  finite  angle  of 
attack.  Belotserkovskiy  et  al  (1961)  used  discrete  vortices  rather  than  continuous 
vortex  distributions  for  the  blade  modelling.  The  theory  of  analytic  functions  was  the 
basis  for  the  work  by  Popescu  (1957),  Vakhomchik  (1965),  Samoylovich  (1961),  Meister 
(1960)  and  Sonngen  and  Meister  (1958).  Khaskind' s oscillating  airfoil  solution  was  ex- 
tended by  the  same  author  (1958)  to  the  oscillating  cascade  and  exploited  more  extensively 
in  the  work  of  Gorelov  and  Dominas  (1965) . 

The  gust  response  of  cascades  in  incompressible  'I'w  was  considered  by  Samoylovich 
(1962)  , Onashi  (1968)  , Lotz  and  Raabe  (1968)  , Hendei  -..n  and  Daneshyar  (1970)  , Schorr  and 
Reddy  (1971),  Hawthorne  (1973)  and  Naumann  and  Yeh  (1973). 

Gorelov  (1969)  also  published  a paper  showing  the  possibility  of  parametric  resonance 
whcs*  existence  was  first  suspected  by  Sabatiuk  and  Sisto  (1956). 

Very  recently,  a conceptually  quite  simple  solution  method  for  flat  plate  cascade  in 
oscillatory  Incompressible  flow  has  been  developed  by  Rao  and  Jones  (1974)  and  shown  to 
be  in  good  agreement  with  the  results  of  Schorr  and  Reddy  (1971).  Also,  Kemp  and 
Ohashi  (1975)  gave  an  exact  analytical  solution  for  incompressible  flow  through  an  un- 
staggered flat-plate  cascade  executing  harmonic  in-phase  oscillations  or  being  exposed 
to  generalized  gusts.  Whitehead's  (1960)  numerical  results  were  found  to  be  in  excellent 
agreement  with  this  exact  solution.  The  most  recent  study  of  this  subject  appears  to  be 
that  of  Horlock,  Greitzer  and  Henderson  (1977)  which  resolves  a previously  noted  dis- 
crepancy for  low  frequency  gusts. 

4 

The  above  analyses  are  all  based  on  small  perturbation  theory,  i.e.,  the  blades  are 
assumed  to  be  flat  plates  or  slightly  cambered  blades  set  at  zero  or  small  Incidence  and 
the  unsteady  disturbances  are  assumed  to  be  small.  Hence,  the  vortices  shed  from  the 
blades  are  assumed  to  follow  straight  lines  at  the  free-stream  speed  or  to  follow  curved 
lines  according  to  the  steady  flow  solution  for  the  given  ceunbered  cascade.  Hence, 
there  is  either  zero  coupling  or  weak  coupling  between  the  unsteady  and  the  steady  flow 
problems  whicn  greatly  facilitates  the  solution  process.  A rather  thorough  exposition 
of  tne  underlying  tneory  and  the  main  solution  methods,  especially  those  developed  by 
Russian  investigators,  is  contained  in  the  texts  by  Samoylovich  (1969)  and  Gorelov  et  al. 
(1971).  These  references  and  a recently  published  atlas  on  unsteady  cascade  aerodyn^unics 
(Gorelov  et  al.  1974)  also  provide  extensive  numerical  results. 

3.2  The  Highly  Loaded  Ca.icade  in  Unsteady  Incompressible  Flow 

The  previously  noted  effect  of  steady  blade  loading  on  the  unsteady  aerodynamic 
cascade  characteristics  motivated  several  investigators  during  the  past  decade  to 
develop  solutions  for  highly  loaded  cascades  having  highly  cambered  finite  thickness 
blades  and  thus  causing  a strong  coupling  between  the  steady  and  the  unsteady  flow. 

The  problem  of  a cascade  with  arbitrary  blade  profiles  executing  small  harmonic 
oscillations  at  an  arbitrary  Interblade  phase  angle  appears  to  have  been  first  considered 
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by  Samoylovich  (1962) . Further  studies  of  this  problem  are  those  of  Kazimirski,  Nitusov 
and  Samoylovich  (1968),  Saren  (1968),  Kurzin  (1967),  Kapelovich  and  Samoylovich  (1967) 
and  Nitusov  and  Samoylovich  (1970) . An  exposition  of  the  basic  theory  is  also  given  in 
the  textbooks  by  Samoylovich  (1969)  and  Gorelov  et  al.  (1971).  The  most  recent  work 
appears  to  be  that  of  Ryabchenko  and  Saren  (1972)  and  Ryabcjienko  (1973,  1974,  1976)  and 
of  Adamczyk  (1975),  Atassi  and  Goldstein  (1976)  and  Atassi  (1978)  in  the  United  States. 

The  first  approach  to  this  problem  was  based  on  quasi-steady  concepts  which  neglected 
the  influence  of  the  vortex  wakes.  This  method  appears  to  have  been  first  outlined  by 
Stepanov  (1962)  using  conformal  mapping  of  a given  cascade  into  a circle  and  was  further 
developed  by  Samoylovich  (1962)  and  Kapelovich  and  Samoylovich  (1967).  The  quasi-steady 
approach  was  also  used  by  Saren  (1968)  who  formulated  an  integral  equation  approach  and 
presented  numerical  results  for  cascades  with  symmetric  profiles.  A formulation  which 
accounts  for  the  weike  influence  was  given  by  Kurzin  (1967)  and  Kazimirski,  Nitusov  and 
Samoylovich  (1968)  using  analytic  continuation  principles  or  a Fredholm  integral  equation 
formulation,  respectively.  (See  also  the  detailed  description  of  these  methods  in  the 
textbooks  by  Samoylovich  1969  and  Gorelov  et  al.  1971.)  The  latter  paper  also  contains 
several  numerical  ex2unples.  In  an  extension  of  this  method  Nitusov  and  Samoylovich  (1970) 
also  investigated  the  influence  of  cascade  non-uniformity  (blade  offset)  on  the  unsteady 
aerodynamic  forces  and  determined  regions  of  negative  aerodynamic  deunping.  Ryabchenko 
(1973,  1974,  1976),  in  a series  of  papers,  succeeded  to  drop  the  assumption  of  small 
amplitude  vibrations  and  to  numerically  solve  the  problem  in  a general  nonlinear  formula- 
tion whicn  accounts  for  nonlinear  vortex  wake  motions.  Comparisons  with  the  linear 
solutions  showed  the  influence  of  finite  amplitude  of  vibration  and  complex  shape  of  the 
vortex  wakes  on  the  unsteady  forces  to  be  small  for  amplitudes  less  than  10%  of  cascade 
spacing  and  reduced  frequencies  less  than  10. 

The  first  American  study  of  highly  loaded  cascades  appears  to  be  due  to  Nemesh 
(1970).  Later,  Adcunczyk  (1975)  considered  the  passage  of  a timewise  periodic  total 
pressure  distortion  through  a highly  loaded  cascade  and  found  a substantial  influence 
of  blade  loading  on  the  unsteady  forces.  This  approach  was  based  on  a combined  analyti- 
cal/numerical solution  of  the  Laplace  and  vorticity  transport  equations.  The  most  recent 
results  for  small  amplitude  vibrations  of  highly  loaded  cascades  with  arbitrary  thickness 
and  camber  distributions  have  been  obtained  by  Atassi  and  Goldstein  (1976)  and  Atassi 
(1978)  who  split  the  problem  into  quasi-steady  and  wake-induced  components  and  numerically 
solved  tne  resulting  integral  equations.  Current  work  by  Atassi  (1977)  also  includes 
the  interaction  of  three-dimensional  gusts  with  highly  loaded  cascades. 

3.3  The  Flat  Plate  Cascade  in  Unsteady  Subsonic  Flow 

In  compressible  flow  through  oscillating  cascades  the  phenomenon  of  acoustic 
resonance  arises  which  can  have  a substantial  effect  on  the  aerodynamic  damping  charac- 
teristics of  the  blades.  This  phenomenon  was  first  investigated  by  Runyan  and  Watkins 
(1951) , W.  P.  Jones  (1953)  and  Woolston  and  Runyan  (1955)  in  relation  to  wind  tunnel 
interference  effects.  Its  significance  in  axial  turbomachines  appears  to  have  been 
first  explored  by  Sohngen  and  Quick  (1960)  and  Lane  and  Friedman  (1958)  and  work  on  sub- 
sonic flow  solutions  for  oscillating  cascades  was  started  by  Hamamoto  (1957) , Lane  and 
Friedman  (1958)  and  Meister  (1962).  In  the  early  sixties  studies  of  this  problem  were 
also  begun  in  the  USSR  by  Kurzin  (1962,  1964,  1966)  and  by  Gorelov  and  Dominas  (1966). 

The  latter  papers  also  contain  numerical  results.  A thorough  exposition  of  the  solution 
methods  used  by  these  authors,  (i.e.,  integral  equation  and  Mathieu  function  approaches) 
as  well  as  detailed  tables  and  graphs  of  aerodynamic  coefficients  can  be  found  in  the 
texts  by  Gorelov  et  al.  (1971,  1974).  The  resonance  phenomena  occurring  both  in  subsonic 
and  supersonic  cascade  flows  are  discussed  by  Samoylovich  (1967,  1969)  and  further  papers 
devoted  to  this  effect  are  those  of  Kurzin  (1969,  1970,  1974)  and  Parker  (1966,  1967). 

The  first  American  study  of  this  problem  was  performed  by  Lane  and  Friedm^ul  (1958) 
who  developed  a solution  for  cascades  with  arbitrary  stagger  and  interblade  phase  angles 
using  Fourier  transform  techniques.  The  lifting  pressure  distributions  were  expressed 
as  a Bessel  function  series  which  required  a rather  tedious  computational  procedure. 

More  recently,  this  problem  was  considered  again  by  Mani  (1970),  Fleeter  (1973)  and  Rao 
and  Jones  (1975).  Fleeter's  work  is  related  to  Lane  and  Friedman's  original  approach, 
whereas  Rao  and  Jones'  method  is  an  extension  of  Jones'  and  Moore's  (1972)  incompressible 
flow  solution  to  subsonic  compressible  flow.  At  about  the  same  time  interest  in  this 
problem  also  arose  in  Japan  (Kaji  and  Okazaki  1970),  England  (Smith  1971),  and  France 
(Leclerc  (1971),  Salaun  (1973)).  An  additional  very  recent  contribution  is  that  of 
Carstens  (1976)  in  Germany. 

3.4  The  Unsteady  Subsonic  Cascade  with  Finite  Blade  Loading 

The  inclusion  of  finite  blade  loading  effects  on  the  subsonic  unsteady  aerodynamic 
cascade  characteristics  was  attempted  only  in  the  last  few  years  by  Nlshiyama  and 
Kobayashi  (19''3),  Namba  (1975)  and  Verdon  et  al.  (1975).  The  Japanese  studies  are  still 
based  upon  linearized  thin  airfoil  theory  and  thus  neglect  all  the  nonlinear  terms  and 
cross  products  in  Eq.  (1)  but  account  for  the  effect  of  relative  displacement  of  the 
blades  with  finite  mean  blade  circulation.  Namba  Improved  upon  Nlshiyama  and  Kobayashi 's 
solution  by  taking  into  account  the  finite  velocity  of  sound  in  dealing  with  the  effect 
of  the  relative  movement.  Verdon  et  al.  assumed  small  amplitude  vibrations  of  the  blades 
which  allowed  then  to  transform  Eq.  (1)  into  a linear  equation  with  variable  coefficients 
and  thus  to  account  for  the  interaction  with  the  steady  flow  field.  The  paper  describes 
a numerical  near-field  solution  which  is  matched  with  analytical  far-fleld  solutions. 
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A company-proprietary  computer  code  has  been  written  but  the  results  have  not  yet  been 
published.  Another  method  potentially  applicable  to  this  problem  is  the  time-marching 
solution  developed  by  Ni  and  Sisto  (1976) . However,  so  far  results  have  been  reported 
only  for  flat  plate  cascades.  A further  problem  formulation  has  recently  been  given  by 
Legendre  (1976) . 

3.5  Unsteady  Tremsonic  Cascade  Aerodynamics 

The  treatment  of  transonic  cascades  is  hampered  by  the  well  )cnown  difficulties  of 
computing  mixed  subsonic/supersonic  flows.  Therefore,  only  a few  highly  simplified 
solutions  have  so  far  been  published  although  several  recently  developed  methods  are 
potentially  quite  capable  to  provide  much  better  approximations  to  the  real  flow. 

Hamamoto  (1960)  gave  a solution  for  sonic  flow  past  unstaggered  oscillating  flat  plate 
cascades  by  applying  Fourier  transform  techniques  to  the  linearized  trcinsonic  small 
disturbance  equation.  An  extension  of  this  analysis  to  cascades  with  finite  blade 
thic)(ness  using  Oswatitsch's  (1955)  parabolic  linearization  technique  as  well  as  an 
investigation  of  other  solution  techniques,  such  as  Laplace  transform  and  collocation 
methods,  was  recently  given  by  Schlein  (1975).  This  study  revealed  that  cascading 
usually  is  strongly  destabilizing.  The  related  problem  of  sonic  wind  tunnel  interference 
was  recently  also  studied  by  Sav)(ar  (1975)  on  the  basis  of  linearized  theory.  Two  very 
recent  studies  by  Ginzburg  et  al.  (1976)  and  Goldstein  et  al.  (1977)  also  attempted  to 
include  the  presence  of  normal  shoc)cs  and  to  assess  their  effect  on  the  unsteady  aero- 
dynamic characteristics.  Further  considerations  about  the  inclusion  of  shoc)(s  have 
also  been  published  by  Legendre  (1977).  The  validity  of  the  above  approaches  can  be 
assessed  only  by  comparison  with  more  accurate  procedures.  Magnus  and  Yoshihara's  (1975) 
computation  of  transonic  flow  past  a single  oscillating  airfoil  using  the  time  marching 
technique  is  the  first  "exact”  solution  of  this  problem.  As  already  mentioned,  this 
technique  has  been  applied  by  Ni  and  Sisto  (1976)  to  oscillating  flat  plate  cascades  and 
further  studies  are  those  of  Ni  (1974)  and  Pigott  (1975).  Efforts  are  presently  underway 
to  apply  it  to  oscillating  cascades  with  arbitrary  blade  shapes  and  thus  to  provide  a 
valuable  standard  for  the  evaluation  of  more  approximate  but  faster  procedures.  Another 
class  of  solutions  which  provides  valuable  insight  into  the  effect  of  unsteady  distur- 
bances on  transonic  channel  flows  are  being  developed  by  Adamson  and  collaborators,  e.g. 
Richey  and  Adamson  (1976),  Messiter  and  Adeunson  (1976)  and  Ad2imson  and  Liou  (1977),  using 
asymptotic  expansion  methods.  Their  analysis  shows  that  small  pressure  changes  downstream 
of  a shocJc  wave  can  cause  large  variations  in  the  position  of  the  shoc)c  wave  ^md  thus 
large  variations  in  the  aerodynamic  loading  of  the  blades.  Also,  their  approach  permits 
a detailed  analysis  of  the  shoc)c  boundary  layer  interactions.  So  far,  only  the  steady 
interactions  have  been  studied,  but  a preliminary  analysis  by  Adamson  and  Liou  (1977) 
indicates  that  unsteady  effects  are  not  in^ortant.  Finally,  a viscous  transonic  cascade 
solution  using  a highly  efficient  time-dependent  implicit  Navier-Sto)ces  computer  code 
developed  by  Briley  and  McDonald  (1973)  is  presently  being  developed  (Eisemann  1976). 

3.6  The  Flat  Plate  Cascade  in  Unsteady  Supersonic  Flow 

The  case  of  supersonic  cascade  flow  requires  differentiation  depending  on  the  axial 
through-flow  Mach  number  as  follows: 

(1)  For  subsonic  axial  flow  the  flow  disturbance  can  propagate  upstream  of  the  blade 
leading  edges.  Hence,  each  blade  in  the  cascade  is  influenced  by  every  blade  below 
it  and  by  the  single  adjacent  blade  above  it  (Fig.  12).  This  case  therefore  is 
often  referred  to  as  a cascade  with  subsonic  leading  edge  locus,  which  is  of  great 
current  interest  because  many  fans  and  compressors  have  blades  fully  or  partly 
exposed  to  locally  supersonic  flow. 

(2)  For  moderately  supersonic  axial  flow  each  blade  is  influenced  only  by  its  adjacent 
blades  (Fig.  13).  Cascades  with  supersonic  leading  edge  locus  therefore  are  much 
simpler  to  analyze. 

(3)  For  high  supersonic  axial  flow  the  disturbance  created  by  each  blade  will  entirely 
miss  the  adjacent  blades.  In  this  case,  no  blade  Interference  t^Uces  place  and  the 
well-)inown  problem  of  supersonic  flow  past  a single  airfoil  is  recovered. 

Interest  in  the  analysis  of  unsteady  supersonic  cascade  flow  first  arose  because  of 
the  need  to  understand  supersonic  wind  tunnel  interference  effects.  As  previously 
mentioned  an  oscillating  airfoil  situated  between  two  solid  wind  tunnel  walls  is  equiva- 
lent to  an  unstaggered  cascade  w)mse  blades  are  oscillating  in  counterphase.  Using  the 
linearized  Eq.  (3),  Miles  (1956)  first  obtained  a complete  solution  using  Laplace  trans- 
form techniques.  Lane  (1957)  generalized  this  solution  to  staggered  cascades  with  an 
arbitrary  interblade  phase  angle  but  provided  no  numemical  results.  Using  quite 
different  tecnniques,  Hamamoto  (1957)  and  Gorelov  (1966)  obtained  the  first  numerical 
results.  More  recently,  Platzer  and  ChaDcley  (1972)  applied  the  method  of  characteristics 
to  this  case  and  presented  torsional  flutter  boundaries.  Cascade  interference  effects 
were  found  to  be  strongly  destabilizing.  They  also  showed  that  a quite  elementary  solu- 
tion can  be  found  for  cascades  oscillating  at  low  reduced  frequency.  Gorelov  et  al.  (1971) 
first  attempted  a solution  for  cascades  with  subsonic  leading  edge  locus  using  collocation 
techniques.  In  this  country,  wor)c  on  this  problem  started  only  a few  years  ago.  Con- 
sidering a semi-infinite  cascade  with  subsonic  leading  edge  locus,  Verdon  (1973)  and 
Brix  and  Platzer  (1974)  obtained  nuswrical  results  using  finite  diflorence  and  method  of 
characteristics  techniques,  respectively.  Also,  Nagashima  and  Whitehead  (1974)  gave  a 
third  approach  using  dipole  distributions  and  Yates  (1975)  developed  another  linearised 
characteristics  approach.  These  solutions  are  in  good  agreement  with  each  other. 


33-8 


Computing  the  flow  past  a sufficient  number  of  blades  until  an  asymptotic  behavior  for 
the  aerodyncunic  forces  and  moments  can  be  recognized,  the  authors  made  the  assumption 
that  these  asymptotic  values  are  representative  of  the  infinite  cascade.  Due  to  the 
generally  slow  convergence  (usually,  the  flow  past  20  or  30  blades  needs  to  be  computed) , 
a considerable  computing  effort  is  needed.  This  is  aggravated  by  the  fact  that  any  sub- 
sequent flutter  analysis  requires  the  recomputation  of  this  flow  field  for  many  combina- 
tions of  parameters.  Moreover,  questions  were  raised  about  the  equivalence  between 
finite  and  infinite  cascade  analyses.  Using  Laplace  transform  techniques  Kurosa)ca  (1974) 
succeeded  to  obtain  a solution  for  infinite  cascades  valid  for  low  frequency  blade  motion 
and,  more  recently,  to  extend  this  solution  to  higher  frequencies  (Kurosaka  1977) . Also, 
in  the  same  year  an  alternate  analysis  of  the  infinite  cascade  was  completed  by  Ni  and 
Sisto  (1976)  using  the  previously  mentioned  time  marching  technique.  Another  approach 
to  satisfy  the  flow  periodicity  condition  explicitly  was  given  by  Verdon  and  McCune  (1975) 
which  was  further  developed  by  Verdon  (1977).  Comments  on  this  approach  and  on  the 
existence  of  resonance  in  supersonic  flow  were  made  by  Kurosaka  (1975).  The  question  of 
the  difference  between  finite  and  infinite  cascades  was  studied  by  Chadwick  (1975)  and 
Platzer  et  al.  (1976)  who  developed  explicit  analytical  expressions  for  both  cases  using 
a quite  elementary  approach  valid  for  small  frequencies  which  was  first  suggested  by 
Sauer  (195C)  for  the  single  oscillating  airfoil.  Still  other  solutions  for  the  oscillating 
flat  plate  cascade  were  obtained  by  Goldstein  (1975),  Adfunczyk  and  Goldstein  (1977)  using 
the  Wiener-Hopf  technique,  and  Caruthers  (1976).  The  only  exposition  of  unsteady  tr^m- 
sonic  and  supersonic  cascade  theory  available  at  this  time  has  been  given  by  Gorelov 
et  al.  (1971)  which,  of  course,  does  not  contain  the  more  recent  work  described  cibove. 

3.7  The  Unsteady  Supersonic  Cascade  with  Finite  Blade  Loading 

While  analyses  by  Carrier  (1949),  van  Dyke  (1953)  and  Teipel  (1965)  have  established 
a significant  effect  of  airfoil  thickness  on  the  aerodynamic  forces  and  moments  ex- 
perienced by  a single  airfoil  oscillating  in  unbounded  supersonic  flow,  similar  analyses 
of  thickness  and  camber  effects  on  the  unsteady  aerodynamic  characteristics  of  supersonic 
cascades  are  only  now  being  started.  Gorelov  and  Meshman  (1973)  appear  to  have  been  the 
first  ones  to  consider  the  influence  of  weak  shocks.  Chadwick  (1975)  and  Platzer  et  al. 
(1976)  also  accounted  for  the  presence  of  weak  shocks  and  for  the  coupling  between  steady 
and  oscillatory  flow  by  solving  the  transonic  small  disturbance  equation  with  a charac- 
teristics method  and  computed  the  inflow  into  a cascade  with  subsonic  leading  edge  locus. 
Blade  thickness  was  found  to  have  a substantial  effect  in  the  lower  frequency  range. 
Recently,  Strada  (1977)  extended  this  approach  to  the  blade  passage  euid  confirmed  the 
blade  thickness  effect  in  this  frequency  range.  A quite  different  approach  is  presently 
being  pursued  by  Kurosaka  and  Edelfelt  (1976)  who  use  the  strained  coordinate  technique 
of  Lighthill,  Whitham  and  Lin.  Again,  preliminary  results  indicate  a significant  thick- 
ness influence. 

3.8  Blade  Row  Interactions 

The  interaction  between  moving  blade  rows  and  the  wake  characteristics  due  to  un- 
steady incompressible  cascade  flow  were  first  investigated  by  Kemp  and  Sears  (1953), 

(1955)  and  Meyer  (1958)  using  small  disturbance  concepts  i.e.,  restricting  the  analysis 
to  lightly  loaded  thin  blades.  Further  analyses  using  such  concepts  were  later  given  by 
liOtz  (1966)  who  studied  the  excitation  of  blade  oscillations  by  adjacent  blade  cascades 
and  by  Jones  and  Moore  (1972)  who  obtained  a simplified  solution  for  the  flow  in  the 
wake  of  an  oscillating  cascade.  Lefcort  (1965)  built  on  Meyer's  (1958)  work  by  con- 
sidering wakes  of  finite  thickness. 

The  interaction  of  highly  loaded  cascades  in  incompressible  flow  has  been  considered 
in  a quasi-steady  formulation  by  several  authors  using  either  conformal  mapping,  singu- 
larity or  successive  approximation  methods  (Isay  1957,  Feindt  1961,  1962,  a,  b,  Oellers 
1962,  Kazimierski  1966).  Parker  (1967)  used  the  finite  difference  method  to  compute  the 
quasi-steady  potential  flow  through  cascades  in  relative  motion  and  ispas  (1974) 
further  exploited  this  method  in  a series  of  calculations.  This  quasi-steady  approxima- 
tion which  disregards  the  wake  influence  is  also  discussed  in  some  dettil  by  Samoylovich 
(1969).  More  recently,  Saren  (1971)  developed  another  quasi-steady  solution  by  expan- 
sion in  powers  of  the  cascade  spacing  and  Kulyaev  (1976)  and  Gorelov  et  al.  (1976) 
attempted  to  account  for  the  wake  Influence  by  direct  computation  of  the  wake  development 
or  by  Introducing  the  limiting  case  of  infinitely  large  reduced  frequency  (Gorelov  1974). 
Comparisons  of  these  latter  solutions  with  the  quasi-steady  results  show  significant 
differences.  Another  solution  accounting  for  the  wake  influence  was  developed  by 
Lienhart  (1973)  using  vortex  representations  of  the  blade  surfaces. 

Other  interactions  occur  due  to  the  presence  of  structural  struts,  stiffeners,  and 
the  like,  which  may  cause  blade  excitations.  A simplified  method  of  estimating  the 
excitation  of  such  forced  vibrations  was  recently  proposed  by  Samoylovich  et  al.  (1974) 
who  also  conducted  experiments  on  the  excitation  of  turbine  blades.  In  the  United 
States,  Barber  and  Welngold  (1977)  used  the  Douglas-Neumann  technique  (Smith  and  Pierce 
1958)  to  analyze  the  interaction  of  a stator  cascade  with  a finite  thickness  strut 
cascade  behind  it  or  within  it  and  predicted  the  magnitude  and  location  of  the  non- 
uniform  pressure  distortion  caused  by  it. 

A similar  interaction  problem  is  caused  by  cascade  non-uniformities  such  as  blade 
displacesmnts  within  a blade  row.  This  problem  was  studied  by  Musatov  (1963) , Saren 
(1966)  and  Nitusov  and  Sasoylovlch  (1970).  Other  blade  row  interaction  studies  are 
^ose  of  Adachi  et  al.  (1974),  Rao  and  Rieger  (1975)  and  Sauer  (1973). 
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The  extension  of  tne  Kemp-Sears  (1953,  1955)  blade  row  interaction  study  to  sub- 
sonic compressible  flow  was  accomplished  by  Mani  (1970)  who  gave  a detailed  account  of 
the  possible  resonance  effects.  A simileu:  study  for  supersonic  flat  plate  blade  row 
interactions  - again  using  linearized  theory  - was  begun  by  Ryhming  (1957) . However, 
this  problem  is  so  complex  that  no  complete  solutions  could  be  obtained.  Host  recently, 
Favrat  and  Suter  (1977)  have  tried  to  incorporate  the  8hoc)c  wave  diffractions  and  re- 
flections which  occur  due  to  the  interaction  of  the  rotor  blades  with  upstream  stator 
vanes . 


3.9  Unsteady  Three-Dimensional  Flows  in  Turbomachines 

The  above  described  two-dimensional  cascade  model  (strip  theory)  remains,  of  course, 
a tool  of  questionable  utility  in  the  absence  of  a three-dimensional  theory  which  allows 
to  assess  its  range  of  validity.  To  shed  some  light  on  this  question  Gorelov  (1963) , 
Gorelov  and  Uominas  (1967)  and  Gorelov  et  al.  (1971)  considered  a three-dimensional 
cascade  model  which  consists  of  an  infinite  blade  row  of  finite  blade  height  situated 
between  end  plates.  Adopting  again  the  small  disturbance  concept  they  were  able  to 
develop  a solution  for  subsonic  flow  past  a flat-plate  cascade  which  executes  small 
amplitude  harmonic  vibrations.  In  this  way  they  were  able  to  study  the  influence  of  the 
wave  reflections  from  the  end  plates  and  thus  to  assess  the  effect  of  blade  height. 

More  recently,  both  Salaun  (1974,  1976)  and  Namba  (1976)  have  succeeded  to  formulate 
solutions  for  compressible  flow  through  a single  annular  blade  row  with  a finite  number 
of  vibrating  blades  which  are  rotating  at  a constant  angular  velocity  in  an  infinitely 
long  cylindrical  duct.  Both  authors  used  small  disturbance  theory  thus  excluding  the 
effects  of  blade  loading  and  by  means  of  doublet  representations  for  the  oscillating 
blades  they  were  able  to  obtain  numerical  solutions  for  subsonic  flow.  In  addition, 

Namba  (1976)  also  succeeded  to  study  tne  response  of  this  rotating  annular  cascade  to 
inlet  distortions.  The  results  show  that  three-dimensional  effects  are  small  for  the 
cases  studied  if  the  vibration  frequency  is  well  above  the  resonance  frequency  but 
large  deviations  from  strip  theory  occur  in  the  subresonant  regime.  Both  authors  also 
show  the  possibility  of  torsional  flutter  in  subsonic  flow.  Furthermore,  Salaun  (1976) 
succeeded  to  extend  his  solution  to  the  case  of  supersonic  relative  flow  with  subsonic 
axial  velocity. 

3.10  Response  to  Inlet  Distortion 

In  view  of  the  availability  of  the  AGARD  lecture  series  on  inlet  distortion  problems 
and  of  Mo)celJce's  (1974)  review  of  the  currently  available  prediction  methods  contained 
therein  only  a few  remarks  concerning  the  latest  developments  will  be  made  here.  Most 
of  the  unsteady  cascade  theories  discussed  in  the  previous  sections  are,  of  course, 
eitner  directly  applicable  to  inlet  distortion  calculations  or  after  proper  modification 
of  tne  boundary  conditions.  The  two  most  significant  recent  developments  appear  to  be 
the  inclusion  of  three-dimensional  effects  using  small  disturbance  theory  as  demon- 
strated by  Namba  (1976)  and  the  incorporation  of  viscous  loss  hysteresis  and  exit 
pressure  non-uniformity  effects  into  a multi-segment  parallel  compressor  model  as 
demonstrated  by  Mazzawy  (1975) . Both  approaches  are  likely  to  contribute  toward  a 
better  understanding  of  the  major  physical  effects  which  are  presently  lumped  together 
in  tne  empirically  derived  distortion  indices  used  in  current  design  practice. 

3.11  Stall  Flutter  Analysis 

Stall  flutter  is  a phenomenon  which  has  plagued  compressor  development  efforts  for 
many  years.  At  first,  it  was  thought  that  it  occurred  only  in  the  first  bending  mode 
but  Shannon  (1945)  also  identified  the  possibility  of  torsional  stall  flutter.  Con^re- 
hensive  reviews  and  bibliographies  of  stall  flutter  problems  have  been  given  by  Schnittger 
and  Sisto  (1966)  and  Carta  (1970) . Unfortunately,  the  dynamic  stall  processes  that  occur 
in  turbomachines  are  extremely  complicated  and  thus  confront  the  analyst  with  an  ex- 
ceptionally difficult  problem.  However,  recent  dynamic  stall  investigations  on  single 
airfoils  have  yielded  many  new  insights  into  the  basic  flow  phenomena  and  a conceptual 
description  of  the  dynamic  stall  process  has  been  given  by  Ham  (1968) . Semi-empirical 
models  were  developed  by  Ericsson  and  Reding  (1976)  and  Beddoes  (1975)  which  appear  to 
be  quite  successful  in  certain  cases  and  work  is  proceeding  to  analyze  dynamic  airfoil 
stall  on  the  basis  of  unsteady  boundary  layer  and  Navier  Stokes  computations.  The 
present  state  of  the  art  of  dynamic  stall  analysis  has  recently  been  reviewed  rather 
comprehensively  by  McCroskey  (1975,  1977)  where  further  information  can  be  found.  It 
is  generally  agreed  that  the  dynamic  stall  phenomena  occurlng  in  rotating  turbomachinery 
blade  rows  are  quite  different  from  those  encountered  on  a single  airfoil  emt>edded  in 
an  unbounded  uniform  flow.  At  this  time,  the  only  stall  flow  models  available  (Tanlda 
and  Okazaki  1963,  Sisto  1967,  Perumal  1976,  YashiM  and  Tanaka  1977)  are  based  on  two- 
dimensional  cascade  flow  assumption  with  a prescribed  flow  separation  point.  Yashisia  and 
Tanaka  (1977)  assumed  leading-edge  separation  and  achieved  fairly  good  agreement  with  an 
experiment  which  was  designed  to  reproduce  this  type  of  flutter.  An  experimental  program 
is  presently  being  conducted  by  Carta  (1977)  on  highly  loaded  cascades  oscillating  near 
stall  which  snould  provide  more  definitive  information  and  guidance  for  the  development 
of  more  sophisticated  models.  For  additional  comments  on  this  problem  also  compare 
Sisto  (1977). 
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3.12  Compression  Stability  Analyses 

The  analyses  of  the  previous  sections  always  considered  either  a single  blade  row  or 
the  interactions  of  several  blade  rows.  It  is  well  known  that  the  compressor  does  not 
merely  respond  to  an  externally  imposed  disturbance  flow  field  but  actively  interacts 
with  that  flow  field.  Thus,  study  of  a blade  row  or  of  a complete  compressor  as  an 
isolated  component  of  the  total  flow  system  can  be  grossly  misleading.  In  a very  recent 
paper  Greitzer  et  al.  (1977)  have  shown  that  the  interactions  between  an  axial  compressor 
and  the  downstreeun  compression  system  components  strongly  affect  the  operation  in  an 
inlet  distortion.  Their  analysis  is  based  on  a nonlinear  multi-segment  parallel  compres- 
sor model  coupled  to  a quasi-two-dimensional  flow  analysis  of  the  downstream  diffuser  or 
nozzle.  Exit  diffusers  were  found  to  increase  the  velocity  distortion  seen  by  the 
compressor  thus  causing  increased  blade  loading  whereas  exit  nozzles  decreased  the  dis- 
tortions and  thus  improved  the  compression  stability.  These  predictions  were  confirmed 
by  an  experimental  test  program. 

The  concept  of  total  system  dynamics  was  also  incorporated  by  Greitzer  (1976)  for 
the  prediction  of  rotating  stall  or  surge.  In  this  model  the  compressor  and  its  ducting 
are  replaced  by  an  actuator  disk  to  account  for  the  pressure  rise  and  by  a constant  area 
pipe  to  account  for  the  dynamics  of  the  fluid  in  the  compressor  duct.  Similarly,  the 
throttle  is  replaced  by  another  actuator  disk  and  a constant  area  duct.  The  stability 
analysis  of  tne  resulting  nonlinear  model  leads  to  the  definition  of  a non-dimensional 
parameter  B and  to  the  predictioh  of  surge  for  operation  at  values  greater  than  B and  of 
rotating  stall  for  values  below  B.  VRiile  previous  linearized  analyses  were  aimed  at  the 
prediction  of  the  instability  onset  this  new  analysis  makes  it  possible  to  study  the 
nonlinear  behavior  of  a compression  system  during  the  large  amplitude  transients  that 
occur  after  tne  initial  linear  instability.  The  usefulness  of  one-dimensional  flow  con- 
cepts together  with  measured  steady-state  stage  characteristics  for  the  prediction  of 
surge  was  recently  also  demonstrated  in  a theoretical  study  by  Corbett  and  Elder  (1975) . 

The  question  of  the  prediction  of  compressor  performance  in  rotating  stall  was 
addressed  by  day  et  al.  (1977)  who  showed  that  the  stall  cell  blockage  is  an  important 
parameter  which  permits  the  prediction  of  full-span  or  part-span  stall  on  the  basis  of  a 
heuristic  stall  model.  The  problem  of  rotating  stall  prediction  was  recently  also  taken 
up  by  Orner  et  al.  (1975)  who  presented  preliminary  results  of  a stability  analysis  based 
on  a quasi-three-dimensional  flow  model. 

4.  Experimental  Studies  of  Unsteady  Flows  in  Turbomachines 

The  two  major  tools  for  the  experimental  investigation  of  the  unsteady  flow  phenomena 
in  turbomachines  are  the  cascade  tunnel  and  the  single  rotor  test  rig.  Although  both 
facilities  entail  inherent  limitations  it  is  generally  agreed  that  the  advantage  of 
simplicity  and  lower  cost  outweigh  these  limitations  and  that  cascades  and  isolated  rotors 
are  tools  whicn,  when  applied  correctly,  are  quite  useful  in  identifying  the  major  un- 
steady flow  effects.  In  addition,  unsteady  flow  measurements  in  multi-stage  machines 
are  also  being  carried  out.  ' 

4.1  Unsteady  Flow  Studies  in  Linear  Cascades 

During  tne  last  few  years  a number  of  cascade  tunnels  have  been  built  or  adapted  for 
use  in  unsteady  turbomachinery  flow  studies.  A linear  oscillating  cascade  wind  tunnel 
is  available  at  the  United  Technologies  Research  Center.  The  10  x 25  in  test  section  can 
accommodate  11  shaft-mounted  blades  which  can  be  oscillated  in  a frequency  range  between 
3 to  150  cps.  Further  information  has  recently  been  given  by  Carta  and  St.  Hilaire  (1976) 
In  this  report  the  authors  also  describe  a test  program  to  measure  the  aerodyn^u^ic 
response  of  a cascade  oscillating  near  stall  at  wind  speeds  up  to  200  ft/sec.  The  most 
recent  test  results  are  summarized  by  Carta  and  St.  Hilaire  (1977) . The  United  Technologies 
Research  Center  also  operates  a supersonic  linear  cascade  wind  tunnel  over  a Mach  number 
range  from  1.3  to  2.0.  The  4x8  in.  test  section  accommodates  five  blades  plus  upper 
and  lower  boundary  layer  scoops.  In  recent  years,  this  tunnel  was  used  to  establish 
the  torsional  and  bending  flutter  characteristics  of  typical  supersonic  compressor  blades. 
These  studies  are  documented  in  the  reports  by  Snyder  (1973) , Arnold!  et  al.  (1975)  and 
in  the  papers  by  Snyder  and  Commerford  (1974)  and  Mikolajczak  et  al.  (1975).  Another 
supersonic  cascade  wind  tunnel  is  in  operation  at  the  Detroit  Diesel  Allison  Division  of 
the  General  Motors  Corporation  which  permits  cascade  testing  over  a wide  range  of  Mach 
numbers,  incidence  angles  and  pressure  ratios.  Over  the  past  few  years,  this  facility 
has  provided  both  flutter  and  oscillatory  pressure  information  on  five-bladed  supersonic 
cascades  which  is  reported  by  Fleeter  et  al.  (1975  a,b)  Novick  et  al.  (1975),  Fleeter 
et  al.  (1976)  and  Fleeter  and  Riffel  (1976).  Another  cascade  tunnel  has  recently  been 
completed  in  the  United  States  by  Ostdiek  (1975)  who  used  an  oscillating  inlet  to  gene- 
rate a nearly  sinusoidal  variation  in  the  flow  direction  of  a low-speed  flow  and 
completed  a first  series  of  oscillatory  pressure  measurements  on  a five-bladed  cascade. 

Unsteady  cascade  testing  is  also  being  carried  out  in  Europe  and  Japan.  A linear 
cascade  tunnel  has  been  built  at  the  DFVLR-Goettingen  in  Germany  (Lawaczek  1970)  which 
nas  been  used  over  tne  last  several  years  to  measure  the  pressure  distributions  on  an 
oscillating  seven-bladed  cascade  up  to  Mach  numbers  of  0.6  as  reported  by  Trlebsteln  et 
al.  (1975)  and  Triebstein  (1976).  This  same  tunnel  was  also  used  by  Lawaczek  and 
heinemann  (1975)  to  investigate  the  Karman  vortex  street  shed  from  a ten-bladed  turbine 
cascade  in  subsonic,  transonic  and  supersonic  flow.  Tests  were  also  performed  in  the 
intermittent  nigh-speed  wind  tunnel  of  the  DFVLR-AVA  Goettingen  to  investigate  the  aero- 
elastic  cnaracteristics  of  a nine-bladed  highly  cambered  turbine  cascade  in  the  Mach 


33-11 


number  range  0.4  to  1.0.  According  to  Bublitz  (1976)  large  pressure  fluctuations  euid 
dynamic  stresses  were  recorded  during  transonic  operation.  Another  subsonic  cascade 
tunnel  at  ONERA  with  a test  section  of  0.6  x 0.12  meters  covering  a Mach  number  range 
from  0.3  to  0.8  was  used  by  Loiseau  and  Nicolas  (1976)  to  measure  the  pressure  distri- 
butions of  an  oscillating  cascade  with  NACA  6SA006  blade  profiles.  Also,  Loiseau  and 
Maquennehan  (1976)  indicated  the  completion  of  another  cascade  tunnel  which  permits  the 
testing  of  seven  to  eleven-bladed  cascades  at  subsonic,  transonic  and  supersonic  Mach 
numbers.  Subsonic  and  supersonic  cascade  flutter  tests  and  aerodynamic  damping  measure- 
ments in  linear  cascade  tunnels  have  also  been  conducted  in  the  USSR  by  Korostelev  (1974) , 
Tilchonov  (1974),  Pisarenko  et  al.  (1976)  and  Kaminer  and  Balalaev  (1976).  In  England, 
the  new  gust  tunnel  of  the  University  of  Cambridge  which  has  oscillating  flexible  walls 
to  generate  controlled  sinusoidal  gusts  was  used  by  Satyanarayana  (1975)  to  make  rather 
detailed  transitional  boundary  layer  measurements  on  single  airfoils  and  cascades  in  low 
speed  flow.  Finally,  in  Japan  Hanamura  (1971,  1973)  studied  incompressible  attached  flow 
flutter  of  a blade  row  whereas  Yashima  and  Tanaka  (1977)  completed  a stall  flutter  test 
of  a linear  cascade. 

4.2  Unsteady  Flow  Studies  in  Annular  Cascades 

Linear  cascades  suffer  from  uncertainties  caused  by  the  ’finiteness”  of  the  cascade 
due  to  wall  interference  effects.  Annular  cascades  offer  the  advemtage  of  eliminating 
such  end  effects.  At  present,  only  tVK>  annular  cascades  seem  to  be  in  operation. 

VAiitehead  et  al.  (1976)  developed  an  annular  cascade  of  16  blades  which  permits  testing 
at  subsonic  and  supersonic  Mach  numbers  up  to  M •>  1.4.  Using  electromagnetic  excitation 
of  the  blades  they  measured  the  aerodynamic  moments  due  to  torsional  oscillations  over  a 
Mach  number  range  from  0.6  to  1.2.  Both  a fixed  and  a rotating  supersonic  annular  cascade 
are  available  at  ONERA  which  were  used  by  Fabri  and  Paulon  (1975)  and  Paulon  (1976)  to 
study  unsteady  flow  phenomena  and  shock  motions  caused  by  overspeed  operation  of  a trem- 
sonic  compressor. 

4.3  Unsteady  Flow  Studies  in  Rotating  Rigs 

Several  extensive  measuring  programs  have  been  or  are  being  conducted  on  a number  of 
single  rotors  or  on  multi-stage  machines  in  order  to  explore  the  major  unsteady  aero- 
dynamic flow  effects  which  occur  in  turbomachines.  The  problem  of  wake  production, 
trans^rt  and  interaction  has  received  considerable  attention  over  the  years  with  major 
contributions  by  Meyer  (1958),  Tyler  2md  Sofrin  (1962),  Smith  (1966),  Kerrebrock  and 
Mikolajczak  (1970),  Parker  and  Watson  (1972),  Walker  and  Oliver  (1972),  Whitfield  et  al. 
(1972),  Kiock  (1973),  Lockhart  and  Walker  (1974),  Evans  (1972,  1973,  1975,  1976,  1977), 
Hirsch  and  Kool  (1976),  Lakshminarayeuva  (1975),  Callus  et  al.  (1976),  Thompkins  and 
Kerrebrock  (1975),  Kerrebrock  (1976)  and  Schmidt  and  Okiishi  (1976),  1977).  These 
investigations  were  carried  out  in  both  single  rotors  (Kerrebrock,  Lakshminarayana) , 
single-stage  compressors  (Walker,  Ev2ms,  Callus)  as  well  as  three-stage  compressors 
(Okiishi)  using  various  measuring  techniques,  such  as  hot-wire  anemometry,  pressure 
transducers  and  Schlieren  stroboscopy.  These  studies  show  a significant  difference 
between  the  rotor  wake  characteristics  and  wakes  of  linear  cascades  or  isolated  airfoils 
as  well  as  the  possibility  of  certain  wake  instabilities  (Kerrebrock  1974)  which  hamper 
the  theoretical  modelling  of  rotor  wakes.  Also,  over  the  last  few  years  detailed 
measuring  programs  of  t e steady  and  unsteady  flow  and  pressure  characteristics  of  tran- 
sonic turbomachines  have  been  initiated.  These  activities  have  recently  been  reviewed  in 
considerable  detail  by  McNally  (1976)  where  a listing  of  the  current  test  progr€uns  using 
modern  instrumentation  (high-response  transducers,  hot  wire  probes,  hot  film  gages, 
laser  velocimetry,  laser  fluorescence,  laser  holography)  can  be  found.  Many  of  these 
tests  are  only  internally  documented  but  a few  studies,  notably  the  measurements  in  the 
HIT  blowdown  compressor  facility  (a  transonic  rotor  which  is  operated  in  a pulsed  mode 
with  a test  time  of  about  30  milliseconds)  reported  by  Thompkins  and  Kerrebrock  (1975) 
and  Kerreorock  (1976) , the  measurements  in  the  DFVLR  single-stage  transonic  compressor 
reported  by  Weyer  and  Uungenberg  (1975)  and  by  Lecht  and  Weyer  (1976),  the  transducer 
and  schlieren-optical  investigations  of  two  types  of  supersonic  compressor  stages  with 
tandem  cascades  as  stator  as  reported  by  Callus  (1975),  Callus  et  al.  (1976),  Callus 
et  al.  (1977)  are  available  in  the  open  literature.  Further  noteworthy  measurements  are 
those  of  Einsfield  (1970)  and  Fasso  and  Larguier  (1970) . Also,  the  feasibility  of  sub- 
scale flutter  testing  has  recently  been  explored  by  Jay  (1975)  who  tested  an  8 inch  model 
rotor  of  an  advanced  design  fan  which  experienced  both  subsonic  stall  and  supersonic 
flutter.  Cood  correlation  between  model  and  full  scale  rig  results  was  noted  for  the 
subsonic  flutter  boundary  but  little  correlation  could  be  achieved  for  supersonic 
flutter.  Nevertheless,  this  low  cost  method  of  flutter  testing  appears  to  have  good 
potential  for  further  development.  Supersonic  unstalled  flutter  of  two  1800  ft/sec 
tip-speed  NASA  fan  rotors  was  also  investigated  by  Snyder  and  Commerford  (1974) . 

Detailed  measurements  of  the  unsteady  blade  response  characteristics  due  to  inlet 
distortion  have  recently  been  initiated  by  Bruce  and  Henderson  (1975)  who  measured  the 
blade  response  on  a single-stage  low-speed  axial  flow  fan  with  strain  gauges  ani  pres- 
sure treuisducers  and  by  Peacock  and  Overli  (1975)  who  determined  the  dynamic  stall 
characteristics  of  a lightly-loaded  single-stage  low  speed  axial  flow  compressor  due  to 
various  inlet  distortions.  In  the  latter  study  normal  force  hysteresis  loops  were 
measured  which  exhibit  certain  similarities  with  the  single  airfoil  dynamic  stall 
phenomena  which  were  reviewed  by  McCroskey  (1977).  The  complicated  character  of  these 
loops  and  the  accompanying  wave  propagation  and  vortex  shedding  processes  vividly 
illustrate  the  enormous  obstacles  toward  the  analytical  modelling  of  dynamic  stall. 
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Recent  advances  in  measuring  techniques  have  also  stimulated  detailed  con^ressor 
stall  investigations.  Sexton  et  al.  (1975)  investigated  rotating  stall  of  a low-speed 
single-stage  axial-flow  fan  using  blade  mounted  transducers  in  connection  with  a multi- 
channel telemetry  system.  Another  rotating  stall  investigation  of  a low  speed  compressor 
stage  has  been  completed  by  Ludwig  et  al.  U973)  who  also  tested  a rotating  stall  control 
system  and  developed  a small  disturbance  theory  for  the  onset  of  stall.  (Nenni  and  Ludwig 
1974).  Further  rotating  stall  information  was  obtained  by  Nagano  (1974)  in  a five-stage 
transonic  compressor.  The  deep-stall  characteristics  of  a low-speed  three-stage  compres- 
sor were  determined  by  Day  (1975)  who  used  a conditional  sampling  technique  for  hot  wire 
and  pressure  transducer  measurements.  Contrary  to  earlier  models  postulating  wa]ce-type 
stall  cells  Day's  results  indicate  that  the  rotating  stall  cell  has  a size  euid  speed  of 
rotation  which  forces  unstalled  flow  to  enter  from  the  side  emd  to  be  transported  across 
the  cell. 

Also,  it  should  be  noted  that  a substantial  amount  of  experimental  information  on 
unsteady  phenomena  in  turbomachines  has  been  gathered  in  the  USSR.  The  individual  papers 
are  too  numerous  to  be  cited  here.  However,  readers  interested  in  specific  references 
can  probably  orient  themselves  rather  quickly  by  studying  the  introductory  overview 
articles  of  Pisarenko  and  Ol'shtein  (1974)  and  Ol'shtein  (1976)  which  summarize  the 
papers  presented  at  the  conferences  on  aeroelasticity  in  turbomachines  held  in  Kanev 
(1973)  and  Riga  (1975) . Further  references  as  well  as  a detailed  exposition  on  ’Excita- 
tion of  the  Fluctuations  of  the  Blades  of  Turbomachines"  can  be  found  in  Samoylovich ' s 
latest  book  (1975)  on  this  topic.  It  is  a 285-page  book  whose  major  chapters  are: 
heterogeneity  of  flow  - measurement  of  pulsating  fluxes  - unsteady  aerodynamic  phenomena 
in  stages  - damping  of  the  oscillations  of  blades  - unsteady  aerodynamic  forces  which 
excite  blade  oscillations  - effect  of  design  peculiarities  on  exciting  forces  - blade 
flutter  - excitation  of  acoustic  waves  by  cascades,  their  reflection  and  passage  through 
cascades.  His  reference  list  mentions  151  Russian  papers  out  of  a total  of  225. 

Finally,  attention  is  drawn  to  two  more  topics,  i.e.,  unsteady  flows  in  centrifugal 
compressors  and  unsteady  boundary  layer  measurements.  While  both  problems  have  as  yet 
attracted  much  less  attention  and  work  than  the  above  described  topics  it  should  be 
noted  thrt  a two-component  LDV  is  being  used  by  Runstadler  and  Dolan  (1976)  and  Kulite 
pressure  trwsducers  and  hot  wire  probes  by  the  Northern  Research  and  Engineering  Company 
to  investigate  the  flow  in  a centrifugal  compressor  and  that  detailed  unsteady  flow 
measurements  in  centrifugal  conqiressors  have  been  reported  from  Germany  by  Bammert  (1972), 
Eckardt  (1975,  1976)  and  Gallus  (1975).  Direct  measurements  of  the  unsteady  boundary 
layer  development  on  an  axial-flow  compressor  stator  blade  have  recently  been  reported  by 
Evans  (1973,  1977)  who  found  that  great  caution  should  be  used  in  attempting  to  predict 
boundary- layer  development  from  cascade  test  results  or  steady  calculation  procedures. 

5.  Discussion 

In  the  preceding  Sections  3 and  4 an  attempt  was  made  to  summarize  the  major  theoret- 
ical and  experimental  approaches  to  the  study  of  the  unsteady  aerodynamic  and  aeroelastic 
phenomena  in  turbomachines  which  are  currently  being  pursued.  Several  observations  are 
offered  here  to  characterize  the  current  status  of  these  developments. 

The  theoretical  treatment  of  unsteady  incompressible  flow  past  lightly  loaded  single 
cascades  has  attracted  considerable  attention  over  the  past  quarter  century.  As  a re- 
sult,  a number  of  computational  procedures  have  been  evolved  and  catalogues  of  tables  and 
graphs  have  been  produced  (notably  Whitehead  1960,  S2unoylovich  1969,  Gorelov  1971,  1974) 
which  provide  rather  detailed  information  on  the  unsteady  aerodyn2unic  characteristics  of 
such  cascades.  Several  of  these  procedures  have  been  checked  against  each  other,  e.g. 
Whitehead's,  Sisto's,  Belotserkovskiy 's  and  Gorelov's  results  as  shown  in  Samoylovich 
(1969)  or  Rap  and  Jones'  and  Schorr  and  Reddy's  results  as  shown  in  Carta  (1974).  Also, 
both  cascade  (Triebstein  1976,  Loiseau  and  Nicolas  1976)  as  well  as  fan  tests  (Bruce 
and  Henderson  1975)  have  recently  become  available  which  provide  generally  encouraging 
experimental  verification.  In  contrast,  the  computation  of  highly  loaded  unsteady 
incompressible  cascades  has  only  recently  been  studied  more  extensively  by  Ryatbchenko, 
Gorelov,  Samoylovich  and  Atassi  but  little  comparative  theoretical  or  experimental 
verification  appears  to  be  available  at  this  time. 

Also,  in  recent  years,  a number  of  solutions  for  unsteady  subsonic  flat-plate 
cascades  have  become  available  and  detailed  tabulations  have  been  provided  by  Gorelov  et 
al.  (1971,  1974).  Few  comparative  evaluations  of  the  methods  developed  in  various  AGARO 
countries  seem  to  have  been  conducted  and,  in  fact,  contradictory  statements  can  be  found. 
As  an  example,  Whlthead  et  al.  (1976)  state  that  Smith's  theory  (1972)  predicts  torsional 
flutter  whereas  Carstens  (1976)  flatly  excludes  such  a possibility  in  the  ^d>sence  of 
steady  blade  loading.  Also,  the  question  of  resonemce  effects  on  the  aerodynamic 
d^unping  appears  to  require  further  study.  Fortunately,  several  cascade  and  rotating  rig 
test  programs  (Triebstein  1976,  Loiseau  1976,  Gallus  1976)  are  presently  underway  which 
have  already  yielded  valuable  experimental  information.  The  problem  of  unsteady  sub- 
sonic flow  past  highly  loaded  cascades,  on  the  other  hand,  is  still  unresolved  although 
at  least  one  theoretical  solution  (Verdon  et  al.  1975)  is  close  to  completion. 

Work  on  the  unsteady  transonic  cascade  flow  problem  has  also  increased  over  the  last 
few  years  and  several  linearized  solutions  have  been  obtained.  Furthermore,  nisnerical 
solution  of  the  nonlinear  equations  as  well  as  asyiq>totic  matching  techniques  (Adamson 
et  al.)  are  being  applied  to  this  problem  and  the  latter  technique  has  already  provided 
valuable  new  insight  about  the  possible  shock  motions  in  response  to  downstream  dis- 
turbances. The  question  of  unsteady  viscous  effects,  shock  boxindary  layer  interactions 
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and,  most  in^rtemtly,  of  three-dimensional  flow  effects  is  still  unwswered  although 
several  approaches  could  be  applied  to  this  problem.  The  possible  significance  of  three- 
dimensional  flow  effects  was  first  studied  by  HcCune  (1958)  and  the  new  approaches  by 
Namba  (1976),  Salaun  (1976)  could  be  extended  to  provide  new  insight.  The  detailed 
measurements  in  the  DFVLR  single-stage  compressor  by  Weyer  et  al.  also  provide  helpful 
guidance  for  the  formulation  of  theoretical  flow  models. 

The  unsteady  supersonic  flat-plate  cascade  problem  has  been  considered  quite  ex- 
tensively over  the  past  few  years  and  several  solution  methods  have  been  developed. 
Comparative  evaluations  of  the  numerical  results  show  substantial  agreement  although 
certain  questions  about  the  equivalence  of  finite  and  infinite  cascades  emd  ekbout  the 
significance  of  resonance  effects  are  not  yet  completely  resolved.  Work  on  blade- 
thickness  and  three-dimensional  effects  has  been  initiated  only  recently  (Platzer  et.  al., 
KuroseUca,  Salaun)  but  some  preliminary  results  have  already  become  available.  Cascade 
and  rotating  rig  testing  is  underway  (Fleeter,  Callus,  Loiseau)  which  is  providing 
detailed  flow  and  pressure  information.  In  addition,  cascade  ctnd  fan  flutter  tests 
(Snyder,  Jay,  Loiseau)  have  provided  information  on  the  supersonic  blade  flutter 
boundaries.  The  agreement  with  the  theoretically  predicted  boundaries  is  generally 
encouraging  but  much  more  theoretical  and  experimental  work  is  required  to  establish 
confidence  in  these  prediction  techniques  and  to  understand  their  range  of  validity. 

The  theoretical  analysis  of  blade  row  interaction  effects  has  benefitted  from  the 
recent  advances  in  numerical  fluid  mechanics  which  permit  a detailed  computation  of  the 
potential  flow  interactions  (e.g.  Barber  and  Weingold  1977)  and  of  the  vortex  wake 
development  (Ryabchenko)  in  a two-dimensional  approximation.  However,  the  available 
experimental  evidence  (in  particular,  the  recent  measurements  of  Lakshminarayana  and 
Kerrebrock)  indicates  large  differences  between  rotor  wakes  and  cascade  wakes  and  the 
presence  of  strong  three-dimensional  effects.  Further  advzmces  in  modeling  the  viscous 
wake  effects  therefore  will  have  to  depend  on  additional  detailed  measuring  programs 
(e.g.,  Schmidt  and  Okiishi)  coupled  with  new  approaches  such  as  those  proposed  by 
Kerrebrock  1974,  1976  and  HcCune  1976. 

It  is  evident  from  the  preceding  survey  that  the  theoretical  modeling  of  unsteady 
flow  effects  in  turbomachines  is  largely  limited  to  the  analysis  of  lightly  loaded 
cascades  (i.e.,  to  two-dimensional  flow  assumptions).  The  methods  used  involve  direct 
extensions  of  the  well  known  external  flow  solutions  for  oscillating  airfoils  in  un- 
bounded flow  to  the  more  difficult  boundary  value  problem  of  unsteady  flow  past  airfoil 
arrays.  Thus,  there  is  a direct  relationship  with  the  current  status  of  unsteady 
external  aerodynamics  and  the  methods  used  in  this  field  (airfoil  modeling  by  vortex 
distributions,  conformal  mapping,  transform  techniques,  characteristics  and  other 
numerical  methods  etc.)  are  directly  applic2tble  to  turbomachinery  unsteady  aerodynjtmics 
and,  indeed,  pace  its  rate  of  progress.  This  is  most  obvious  in  the  analysis  of  unsteady 
transonic  effects.  The  development  of  more  efficient  solution  methods  for  unsteady 
transonic  airfoils,  as  reviewed  e.g.  by  Spreiter  and  Stahara  (1976)  and  by  McCroskey 
(1977)  or  as  proposed  at  this  meeting  for  example  by  Liu  €md  Winther  (1977) is  of  direct 
benefit  in  internal  flow  studies.  Furthermore,  it  should  also  be  noted  that  the  methods 
developed  for  the  flutter  emd  forced  vibration  analysis  of  turbomachinery  blading  are, 
of  course,  equally  applicable  to  turbomachinery  noise  studies  and,  indeed,  Neunba's  (1976) 
new  three-dimensional  rotating  cascade  solution  includes  results  for  the  sound  power  out- 
put. However,  a detailed  discussion  of  specific  turbomachinery  noise  problems  and  of 
the  current  analyses  methods  is  outside  the  scope  of  this  paper  and  the  reader  is  referred 
to  Cumpsty’s  (1977)  review. 

McCroskey  (1977) , in  his  review  of  unsteady  external  aerodynamics,  concluded  that 
nvonerical  analyses  have  generally  outpaced  detailed  experiments  in  problems  that  are 
BK>stly  inviscid,  whether  in  the  regime  of  flutter  and  unsteady  airloads  predictions,  or 
in  the  field  of  transonic  aerodynasiics.  It  should  be  obvious  from  the  preceding  pages 
that  a slsiilar  statement  can  be  made  for  the  field  of  unsteady  turbomachinery  aerodyna- 
mics - with  two  important  qualifications.  First,  the  current  methods  are  mostly 
restricted  to  two-disiensional  analyses  of  lightly  loaded  cascades  thus  severely  limiting 
the  range  of  applicability  and  usefulness  of  such  methods.  Second,  their  practical 
utility  is  still  further  hampered  by  the  inaccessibility  of  the  currently  available 
results.  In  contrast  to  the  systematic  documentation  of  unsteady  turbomachinery  aero- 
dynamics (theory  and  experiment)  in  the  USSR  (Samoylovich  1969,  1975,  Gorelov  et  al. 

1971,  1974)  no  such  documentation  exists  in  the  AGARD  countries.  As  a result,  the 
appreciation  for  the  unsteady  aerodynamic  effects  in  turbomachines  zmd  the  access  to  the 
available  results  is  limited  to  a small  number  of  specialists. 

The  work  on  viscous  unsteady  flow  effects  in  turbomachines,  on  the  other  htmd,  is 
still  largely  limited  to  experiments  (e.g.,  the  wake  measurements)  euid,  even  there,  the 
detailed  measurements  of  the  unsteady  blade  boundary  layer  characteristics  (Evans)  or  of 
the  dynamic  stall  characteristics  (Carta,  Peacock)  is  of  only  very  recent  origin.  The 
theoretical  analysis  of  unsteady  boundary  layer  effects  and  the  development  of  reliable 
estisMtes  of  unsteady  flow  losses  and  of  unsteady  loads  due  to  viscous  or  separated  flow 
phenomena  (in  particular,  rotating  stall,  surge,  stall  flutter)  are  problems  requiring 
much  further  work.  Additional  remarks  can  be  found  in  the  panel  discussions  and  sum- 
maries given  at  the  Project  SQUID  Workshop  (Carter  1974)  and  the  AGARD-Meetlng 
(Platser  1975). 


6.  Conclusions  and  Recommendation 

Only  a few  years  ago  Kraft  (1968)  and  Legendre  (Fleeter  1972  p.  114)  deplored  the 
low  level  of  activity  in  turbomachinery  research  due  to  the  preoccupation  of  the  scienti- 
fic/engineering community  with  space  exploration  and  emphasized  the  need  for  a better 
understanding  of  the  unsteady  flow  phenomena  that  occur  in  turbomachines.  The  above 
review  of  past  and  current  efforts  in  unsteady  turbomachinery  aerodynamics  shows  that  a 
significant  change  in  attitude  and  increase  in  research  effort  has  taicen  place  in  the 
seventies.  It  also  shows,  incidentally,  that  a similar  hiatus  did  not  occur  in  the  USSR 
where  the  literature  reveals  a steady  and  systematic  buildup  of  research  activities  in 
this  field  since  the  late  fifties. 

The  following  major  developments  and  results  can  be  distinguished: 

a)  Incompressible,  subsonic  and  supersonic  unsteady  flow  past  lightly  loaded  single 
cascades  has  been  studied  in  considerable  detail,  but  relatively  little  comparative 
evaluation  and  documentation  of  the  various  solutions  is  available  in  the  AGARD 
countries.  However,  rather  comprehensive  texts  on  this  subject  have  been  published 
in  the  USSR. 

b)  Recently,  solutions  for  incompressible  unsteady  flow  past  highly  loaded  cascades 
have  also  been  published,  but  little  information  is  still  available  for  subsonic 
and  supersonic  cascades  with  finite  -blade  thic)(ness  and  loading. 

c)  The  unsteady  transonic  cascade  problem  is  still  unsolved,  but  some  new  approaches 
are  presently  in  progress  which  are  li)cely  to  provide  new  insight. 

d)  Work  on  the  analysis  of  three-dimensional  unsteady  flow  effects  is  in  progress  and 
some  valuable  new  results  for  lightly  loaded  rotors  have  already  been  published. 

e)  New  measuring  techniques  coupled  with  modern  data  acquisition  systems  are  being 
applied  to  the  investigation  of  unsteady  cascade  and  rotor  flows  throughout  the 
whole  speed  regime.  A number  of  papers  have  recently  been  published  which  provide 
detailed  unsteady  flow  and  pressure  information  for  comparison  with  the  availedile 
theoretical  models. 

f)  Progress  has  also  been  made  towards  the  prediction  of  compression  system  insted>ili- 
ties  (rotating  stall,  surge)  using  nonlinear  unsteady  analyses,  but  much  more 
experimental  and  theoretical  work  is  required  to  understand  and  describe  highly 
viscous  and  separated  unsteady  flow  phenomena  (wake  formations  «md  interactions, 
stall  flutter  etc.). 

In  1974  Horlock  (Carta,  1974  p.  502)  advocated  the  development  of  an  ‘unsteady 
flow  tool  kit"  which  should  be  available  to  the  turbomachinery  designer  of  the  1980 's 
as  a supplement  to  the  steady  flow  tools  (three-dimensional  meridional  flow  programs, 
steady  flow  cascade  data,  two-dimensional  blade-to-blade  progriuns  etc.)  which  are 
presently  in  use.  The  validity  and  importance  of  Horlock 's  recommendation  was  further 
endorsed  by  the  participants  of  the  AGARD  Conference  on  Unsteady  Phenomena  in  Turbo- 
machinery, AGARD  1975.  In  view  of  the  relatively  rapid  advances  in  the  field  of 
unsteady  turbomachinery  aerodynamics  it  appears  that  the  following  recommendations 
are  warranted: 

. To  promote  acceptance  and  use  of  unsteady  flow  information  in  turiiomachinery 
design  and  engineering  increasing  emphasis  will  have  to  be  placed  on  the  problem 
of  data  access,  evaluation  and  documentation.  'Hterefore,  systematic  comparisons  and 
evaluations  of  various  theoretical  methods  and  experimental  results  should  be  con- 
ducted for  well  defined  and  mutually  agreed-upon  test  configurations.  Such  a plan 
of.  action  was  also  suggested  at  the  lUTAM  1976-Meeting  by  Prof.  Stepanov,  USSR,  as 
the  topic  for  another  lUTAM  meeting  on  unsteady  turbomachinery  aerodynamics. 

. Further  engine  performance  improvements  and  the  avoidance  of  expensive  engine 
modifications  due  to  aerodyn^unic/aeroelastlc  stability  problems  will  not  only 
depend  on  the  continued  systematic  research  in  unsteady  turbomachinery  aerodynamics. 
Rather,  the  transfer  of  highly  specialized  unsteady  aerodynamic  and  aeroelastlc 
information  to  the  design  community  and  the  introduction  of  young  engineers  to 
this  problem  suggest  an  equally  important  need  for  a ‘Manual  on  Aeroelasticity  in 
Turbomachines ‘ similar  to  the  well  known  ‘AGARD  Manual  on  Aeroelasticty‘  for  the 
design  of  flight  vehicles. 
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SUMMARY 

A unique  unsteady  cascade  experiment  directed  at  providing  fundamental  aerodynamic 
data  needed  to  verify  or  direct  refinements  to  the  basic  model  of  unstalled  supersonic 
torsional  flutter  in  turbomachines  is  presented.  In  particular,  the  steady,  quasi- 
static,  and  unsteady  aerodynamics  were  determined  for  a multiple  circular  arc  (MCA) 
airfoil  cascade  which  modeled  the  tip  section  of  an  advanced  design  fan  blade.  The 
steady  airfoil  surface  aerodynamic  performance  of  the  cascade  was  measured  at  two 
levels  of  aerodynamic  loading  and  correlated  with  the  predictions  from  a time- 
marching, steady,  transonic  flow  analysis.  The  chordwise  distribution  of  the  quasi- 
static unsteady  pressure  coefficient  for  a 0°  interblade  phase  angle  was  then  deter- 
mined and  correlated  with  two  appropriate  predictions:  one  based  on  the  steady 
transonic  analysis  and  the  other  on  steady  inviscid  supersonic  flat  plate  theory. 
Finally,  the  MCA  cascade  was  harmonically  oscillated  in  the  torsional  mode  at  a reduced 
frequency  value  of  0.14.  The  fundamental  unsteady  aerodynamic  data  was  then  obtained 
at  a Mach  number  equai  to  1.55  over  a range  of  interblade  phase  angles  for  two  values 
of  the  cascade  static  pressure  ratio.  These  unsteady  results  were  then  correlated 
with  the  predictions  from  state-of-the-art  unsteady  flat  plate  cascade  analyses. 

INTRODUCTION 

The  demand  for  Increased  engine  performance,  while  maintaining  a minimum  weight, 
has  taken  the  compressor  designer  into  flow  regimes  wherein  he  has  no  apriori  experi- 
ence. These  advanced  design  fans  and  compressors  have  encountered  unstalled  supersonic 
flutter  at  the  design  operating  condition,  demonstrating  that  current  flutter  predic- 
tion systems,  based  on  empirical  correlations  of  prior  engine  aerodynamic  flutter  data, 
are  inadequate  for  the  task  of  extrapolating  these  past  experiences,  to  the  new  high 
speed  designs.  Thus,  the  need  for  a phenomenological  modeling  approach  to  the  develop- 
ment of  a well-founded  flutter  design  system,  substantiated  by  key  critical  experiments 
which  model  the  fundamental  unsteady  aerodynamic  phenomena.  Is  clearly  evident. 

The  generally  used  flow  model  for  unstalled  supersonic  flutter  Is  that  of  Inviscid 
flow  through  a compressor  stage  of  differential  radial  height,  which  is  developed  Into 
a two-dimensional  rectilinear  cascade.  The  airfoils  are  assumed  to  be  zero  thickness 
flat  plates  which  are  harmonically  oscillating  in  the  torsional  mode.  Even  with  this 
simplified  model,  the  problem  is  still  very  complex,  particularly  as  the  flow  involves 
a subsonic  axial  velocity  component. 

Recently,  a number  of  solutions  to  this  basic  nxxJel  involving  various  mathematical 
techniques  have  been  developed,  as  noted  and  discussed  in  Reference  I.  For  the  designer 
to  make  use  of  these  solutions  in  a quantitative  predictive  design  system,  it  Is 
necessary  to  determine  the  validity  of  the  mathematical  assumptions  and  to  extend  the 
model  to  more  realistic  airfoil  configurations.  To  accomplish  this,  however,  funda- 
mental experimental  aerodynamic  data  is  needed  to  verify  the  model  and  to  further  the 
understanding  of  the  basic  unsteady  flow  physics. 

The  results  of  an  experimental  investigation  of  the  fundamental  unsteady  aero- 
dynamics associated  with  an  harmonically  oscillating  airfoil  cascade  which  closely 
simulates  that  of  the  analytical  model  are  presented  In  Reference  2.  The  correlation 
of  the  experimental  data  with  an  appropriate  theory  is  excellent,  thereby  indicating 
the  validity  of  the  experimental  techniques,  and  the  data  acquisition  and  analysis 
procedu res . 

The  present  work  Is  directed  at  the  experimental  investigation  of  an  aerodynamic 
configuration  which  more  closely  resembles  the  physical  and  aerodynamic  conditions  of 
an  advanced  design  rotor  blade.  Including  the  aerodynamic  loading.  In  particular, 
the  steady,  quasT-statIc,  and  unsteady  aerodynamics  are  determined  for  a multiple 
circular  arc  (MCA)  airfoil  cascade  which  models  the  tip  section  of  an  advanced  design 
fan  blade  at  two  levels  of  aerodynamic  loading.  All  of  the  experimental  results  are 
correlated  with  appropriate  predictions  obtained  from  state-of-the-art  analyses. 

AIRFOIL  CASCADE  AND  INSTRUMENTATION 

The  two-dimensional  cascade  utilized  In  this  Investigation  Is  comprised  of  five 
double-trunnioned  steel  airfoils  modeled  from  the  tip  section  of  an  advanced  design 
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fan  blade.  These  airfoils  are  characterized  by  a 3.00  inch  (7.62  cm)  span,  2.50  inch 
(6.35  cm)  chord  and  a 0.075  inch  (0.19  cm)  iTtaximum  thickness  at  the  50%  chord  location. 
The  cascade  physical  parameters  are  noted  in  Table  1.  The  airfoil  profile  is  of  multiple 
circular  arc  (MCA)  design  with  the  airfoil  coordinates  presented  in  Table  II. 

The  airfoil  mounting  arrangement  in  the  cascade  Is  shown  schematically  in  Figure  I. 
An  array  of  torsional  frequencies  are  provided  by  attaching  various  thickness  spring 
bars  to  the  trunnions.  The  double-trunnion  airfoils  and  spring  bar  assemblies  are 
mounted  in  plexigles  wind  tunnel  test  section  walls,  thereby  permitting  schiieren  flow 
visualization.  Driving  arms  are  attached  to  the  airfoil  trunnions  which  are  in  turn 
driven  by  electromagnets  controlled  by  an  on-line  computer  system,  as  described  in 
References  2 and  3.  In  this  manner,  the  torsional  frequency  of  the  airfoils  and  the 
interblade  phase  angle  are  precisely  controlled.  Strain  gages  mounted  on  the  spring 
bars  exhibit  excellent  sens i t i /i ty  to  the  torsional  movement  of  the  airfoil,  and  allow 
measured  strain  gage  signals  to  be  converted  to  rotational  amplitudes. 

The  choice  of  proper  steady-state  aerodynamic  instrumentation  Is  important  to 
quantitatively  determine  the  details  of  the  cascade  steady  flow  field.  Sidewall 
static  pressure  taps  were  used  to  establish  the  cascade  inlet  and  exit  pressure  dis- 
tributions. This  information  combined  with  schiieren  flow  visualization  was  used  to 
establish  the  steady-state  periodicity.  In  addition,  the  static  pressure  distri- 
butions on  the  suction  and  pressure  surfaces  of  the  second  and  fourth  airfoils  of 
the  cascade  respectively,  were  measured  at  the  chordwise  locations  specified  in  Table 
I I . 


The  center  airfoil  (third)  of  the  cascade  was  machined  to  permit  the  chordwise 
embedding  of  twelve  miniature  Kulite  LQ  series  dynamic  pressure  transducers  such  that 
the  airfoil  contours  were  preserved.  This  was  accomplished  by  placing  a thin  pliable 
coating  over  the  transducer  diaphragms  which  resulted  in  no  depredation  in  sensi- 
tivity. The  chordwise  transducer  locations,  presented  In  Table  IV,  are  schematically 
Indicated  in  Figure  2.  These  flush  mounted  transducers  were  staggered  across  the 
span  of  each  surface,  as  indicated  In  Figure  3 which  shows  a view  of  the  pressure 
surface. 

EXPERIMENTAL  FACILITY 

The  Detroit  Diesel  Allison  (DDA)  rectilinear  cascade  facility,  shown  in  Figure  k, 
was  conceived  and  built  as  a research  tool  to  evaluate  the  aerodynamic  characteristics 
of  compressor  and  turbine  blade  sections.  The  facility  is  a continuous  flow,  non- 
return, pres sure -vacuum  type  wind  tunnel  with  the  test  section  evacuated  by  means  of 
two  primary  steam  ejectors.  Up  to  ID  Ibm/sec  of  filtered,  dried,  and  temperature- 
controTled  air  may  be  used. 

The  major  features  of  the  facility  include  the  following. 

a Continuous  operation  for  extended  time  periods 

a A mechanized  test  section  which  permits  a cascade  of  airfoils  to  be  rotated 
with  the  tunnel  in  operation 

a A schiieren  optical  system  for  visual  observation  and  photography  of  the 
test  section  while  the  facility  Is  in  operation 

a A sophisticated  instrumentation  system  centered  on  a laboratory-size  digital 
computer.  The  computer  provides  on-line  control  of  data  acquisition,  data 
reduction,  and  calculates  performance  parameters  while  the  test  Is  In  progress 
for  both  steady-state  and  dynamic  testing  of  airfoil  cascades. 

In  this  cascade  facility,  the  entrance  flow  to  the  test  section  is  generated  by 
fixed  nozzle  blocks  yielding  a Mach  number  of  1.50.  The  orientation  of  a wedge  with 
respect  to  this  nozzle  exit  flow  specifies  the  test  section  Mach  number,  i.e.,  the  shock 
or  expansion  wave  generated  by  the  wedge  determines  the  cascade  inlet  conditions. 

The  wind  tunnel  facility  is  completely  automated  using  a dedicated  digital  com- 
puter. For  steady-state  and/or  dynamic  investigations,  the  computer  Is  used  for  control 
of  Instrumentation,  data  acquisition,  and  data  reduction.  The  computer  and  associated 
peripheral  equipment  were  used  in  this  Investigation  tO; 

• Determine  the  steady-state  flow  parameters  Including  the  Inlet  Mach  number, 
inlet  air  density,  and  instrumented  airfoil  surface  static  pressure  parameters 

• Control  cascade  excitation  such  that  a torsional  mode  is  imparted  to  the  air- 
foils at  a prescribed  frequency  and  Interblade  phase  angle 

• Digitize  the  time-dependent  strain  gage  and  miniaturized  high  response 
pressure  transducer  signals  at  rates  to  100,000  points  per  second 

• Store  permanently  the  cascade  steady-state  parameters  and  dynamic  data  on 
removable  magnetic  disks 
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• Control  a dual  channel  storage  oscilloscope  to  provide  an  analog  record  of 
the  time-variant  pressure  transducer  signals 

• Control  a high  speed  motion  picture  camera  for  schlieren  movies  of  the  un- 
steady phenomena, 

DYNAMIC  DATA  ACQUISITION  AND  ANALYSIS 

With  the  tunnel  in  operation  and  the  airfoil  cascade  harmonically  oscillating  at 
the  prescribed  frequency  and  interblade  phase  angle,  the  time-variant  strain  gage  and 
pressure  transducer  signals  were  digitized  at  rates  to  100,000  points  per  second  by  a 
I6-channeI  analog-digital  converter  and  multiplexer  system,  and  stored  on  a magnetic 
disk.  These  digitized  data  were  analyzed  on-line  to  determine  the  fundamental  aero- 
dynamic characteristics  of  the  unsteady  phenomena.  The  parameters  of  interest  are  the 
amplitude  of  the  airfoil  motion  and  the  pressure  disturbance,  the  frequency,  the 
interblade  phase  angle,  and  the  phase  difference  between  the  unsteady  pressures  and 
the  airfoil  motion  as  characterized  by  the  strain  gage  signal  on  the  dynamically 
instrumented  airfoil,  i.e,,  the  pressure  phase  shift  data  is  referenced  to  the  motion 
of  the  dynamically  instrumented  center  airfoil  in  the  cascade. 

The  amplitude  of  the  airfoil  motion  and  the  pressure  disturbance  is  determined 
by  fitting  a second  order  least  square  function  to  the  data,  differentiating  it,  and 
evaluating  the  maximum.  The  pressure  disturbance  amplitude  is  then  non-dimens i onal i zed 
into  an  unsteady  pressure  coefficient,  C , as  defined  in  Equation  I. 


ioU^a  iyM^p^a 


(1) 


where  p Is  the  measured  unsteady  pressure  amplitude,  p is  the  fluid  density,  U is  the 
inlet  velocity,  o is  the  torsional  amplitude  of  oscillation  (in  radians),  y is  the 
ratio  of  specific  heats,  and  p^  is  the  inlet  static  pressure. 

The  frequency  of  the  time-dependent  data  is  determined  through  the  autocorrela- 
tion function.  This  function  describes  the  dependence  on  the  values  of  the  data  at 
one  time,  X.,  on  the  values  at  another  time,  X.^  . The  normalized  autocorrelation 
function,  r'  , is  defined  in  series  form  as 
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where; 


X,  - X(iAt) 
r “lag  number 

N “ total  number  of  dynamic  data  points 
m “ number  of  lags. 

A lag  time.  At,  is  inversely  proportional  to  the  rate  at  which  the  data  is  digitized. 
A typical  autocorre logram  of  the  digitized  data  exhibits  the  features  of  a sine  wave 
plus  random  noise.  A second  order  least  square  function  is  fit  to  the  data  in  the 
second  positive  peak  of  the  autocorrelogram.  The  inverse  of  the  time  at  which  this 
least  square  function  is  a maximum  is  equal  to  the  frequency,  f,  of  the  time-dependent 
data . 

The  phase  difference  of  the  pressure  disturbance  along  the  airfoil  chord  In 
relation  to  the  airfoil  motion  is  calculated  through  the  cross-correlation  function. 
This  function,  for  two  sets  of  data,  X. , Y,,  describes  the  dependence  of  the  values 
of  one  set  of  data  on  the  other.  The  formalized  cross-correlation  function,  R,,„_t  Is 
defined  as;  ^ 
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where  the  variables  are  defined  analogous  to  those  in  Equation  (2). 
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As  In  the  frequency  calculation,  a second  order  least  square  function  Is  fit  to 
the  data  In  the  first  positive  peak  of  the  cross-correlogratn.  The  tlrne.tp,  at  which 
this  least  square  function  Is  a maximum  Is  analytically  determined.  The  phase  differ- 
ence, In  degrees.  Is  calculated  as 


where  f is  the  frequency  calculated  for  the  airfoil  motion  from  the  strain  gage  data, 
utilizing  Equation  (2). 

Two  sources  of  phase  relation  discrepancy  are  inherent  In  the  electronic  data 
acquisition  system  and  correlation  computation.  The  analoq-digital  (A/D)  converter- 
multiplexer  unit  does  not  permit  data  to  be  digitized  simultaneously  on  all  channels. 
Consequently,  an  Inherent  phase  shift  is  introduced  into  the  physical  data  when  the 
cross-correlation  function  operates  on  the  raw  digitized  data.  This  phase  shift,  for 
the  sinusoidal  data  in  this  experiment,  is  directly  proportional  to  the  "cut  rate"  of 
the  multiplexer,  as  shown  in  Equation  (5): 

®s  “ V^y  ■ '^x^  350/Rg  (5) 

where  0 is  the  AD  phase  shift  inherent  in  the  computation  between  channels  Ky  and  K , 
representing  the  respective  data,  Y|  and  Xj . The  frequency,  fx,  corresponds  to  the 
disturbance  in  channel  K^,  and  is  the  rate  at  which  the  data  is  being  digitized. 

Prior  to  acquiring  data  the  electronic  data  acquisition  system  is  calibrated  for 
phase  shift,  63,  using  the  A/D  converter  and  the  computation  described  in  the  fore- 
going. Therefore,  the  phase  difference  of  the  pressure  disturbance  along  the  airfoil 
surface  in  relation  to  the  airfoil  motion  is 
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This  computational  procedure  results  in  a valid  on-line  data  analysis  system  and 
provides  the  experimentalist  with  meaningful  information  with  which  to  make  Judicious 
decisions  during  the  test.  All  analyzed  results  are  stored  on  a magnetic  disk  for 
further  examination. 

RESULTS 

The  procedure  followed  in  this  experiment  included  first  obtaining  a periodic 
steady-state  cascade  flow  field.  This  periodicity  was  determined  bv  means  of  the 
schlieren  flow  visualization  and  the  sidewall  static  pressure  taps  located  at  the 
leading  edge  of  each  of  the  airfoils  in  the  cascade.  The  resulting  steady-state 
leading  edge  static  pressure  variation  of  the  airfoil  cascade  was  less  than  + 2 percent. 
Figure  5 is  a schematic  of  the  steady-state  cascade  flow  field,  determined  from  the 
static  pressure  measurements  and  the  schlieren  flow  visualization.  As  indicated,  the 
bow  shock  intersects  the  suction  surface  of  the  adjacent  airfoil  near  the  trailing 
edge  with  the  shock  reflection  as  well  as  the  adjacent  airfoils  trailing  edge  shock 
intersecting  the  pressure  surface  near  mid-chord. 

With  the  cascade  periodicity  established,  the  steady  cascade  airfoil  surface  per- 
formance was  determined  for  the  aerodynamic  conditions  of  the  unsteady  experiments. 

These  conditions  are  characterized  by  a I.55  cascade  inlet  Mach  number  value  and  1.05:1 
and  1.30:1  static  pressure  ratios.  The  airfoil  surface  performance  data  for  these 
conditions  are  presented  in  Figures  6 and  7,  respectively.  Also  presented  are  the 
predictions  of  the  steady-state  cascade  aerodynamic  performance  obtained  from  the 
transonic,  time-marching,  steady  flow  analysis  of  Reference  3.  This  analysis  considers 
the  time-dependent  Navier-Stokes  equations  in  conservat i on- law  form  which  allows  for 
viscous  shock  wave  formation.  As  can  be  seen  from  these  figures,  the  steady  aero- 
dynamic loading  of  the  cascade  is  taken  up  by  the  trailing  edge  shock  system,  as  char- 
acterized by  the  absence  of  any  effects  due  to  the  increased  loading  indicated  over: 

(1)  the  leading  U2%  of  the  pressure  surface;  (2)  the  entire  suction  surface.  Overall 
the  airfoil  steady  surface  pressure  distribution  data  correlates  very  well  with  the 
predictions  from  the  transonic  flow  analysis.  The  correlation  is  not  as  good  near  to 
the  leading  and  trailing  edges,  regions  where  the  analysis  does  not  accurately  model 
the  profile  of  the  airfoil.  Also,  it  should  be  noted  that  the  current  state-of-the-art 
Inviscid  unsteady  flutter  aerodynamic  model  assumes  a uniform  steady  flow  field  with 
small  perturbations  generated  by  the  harmonic  oscillations  of  zero  thickness  flat  plate 
cascaded  airfoils,  as  previously  discussed.  Figures  6 and  7 demonstrate  clearly  the 
differences  between  this  uniform  steady  flow  of  the  model  and  the  actual  steady  flow 
field. 

Prior  to  oscillating  the  cascade,  a quasi-static  experiment  was  undertaken  to  ob- 
tain the  zero  frequency  limit  of  the  unsteady  pressure  coefficient  for  an  interblade 
phase  angle  value  equal  to  zero  degrees.  This  was  accomplished  by  measuring  the  airfoil 
surface  static  pressure  distributions  with  the  cascaded  airfoils  In  their  nominal 
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position.  The  airfoils  were  then  rotated  and  locked  into  a position  corresponding  to 
that  180°  later  in  the  0°  interblade  phase  angle  oscillation,  and  the  resulting  static 
pressure  distributions  measured.  This  permitted  the  chordwise  distribution  of  the 
quasl'StatIc  unsteady  pressure  coefficient  to  be  determined  for  each  airfoil  surface. 
These  results  were  then  correlated  with  a quasl-static  prediction  based  on  inviscid 
supersonic  flat  plate  theory  as  well  as  with  one  obtained  from  the  time-marching 
steady  transonic  flow  analysis  of  Reference  3.  These  quasl-static  predictions  were 
accomplished  by  maintaining  the  inlet  flow  vector  and  rotating  the  airfoil  cascade. 

It  should  be  noted  that  this  quasl-static  flat  plate  prediction  Is  the  zero  frequency 
limit  of  the  current  state-of-the-art  supersonic  unstalled  aerodynamic  flutter  analyses. 

The  quasl-static  unsteady  pressure  coefficient  data-predict Ion  correlations  on 
the  suction  surface  are  excellent,  as  seen  In  Figure  8.  The  discrepancies  between 
the  two  predictions  In  the  vicinity  of  the  leading  and  trailing  edges  is  attributed  to 
the  fact  that  the  time-marching  transonic  analysis  recognizes,  to  some  extent,  that 
the  airfoils  have  a profile  in  these  regions,  whereas  inviscid  flat  plate  theory  does 
not . 

The  quasi -static  unsteady  pressure  coefficient  data  on  the  airfoil  pressure  sur- 
face correlates  with  the  two  predictions,  as  Indicated  in  Figure  9.  However,  these 
correlations  are  not  as  good  as  those  previously  presented  for  the  suction  surface. 

The  50.64  percent  chord  data  point  is  under  the  direct  Influence  of  the  previously 
noted  shocks  which  Impinge  on  the  airfoil  pressure  surface  near  mid-chord.  Also,  this 
pressure  surface  data  is  offset  in  level  as  compared  to  the  quasl-static  Inviscid 
flat  plate  cascade  prediction.  However,  the  prediction  overall  trends  as  well  as  the 
magnitude  of  the  Increase  in  the  value  of  the  unsteady  pressure  coefficient  across 
the  mid-chord  position  shocks  agree  well  with  the  quasl-static  data.  The  time-marching 
steady  flow  analysis  predicts  a continuous,  relatively  smooth,  static  pressure  dis- 
tribution on  the  pressure  surface  at  this  level  of  loading.  Figure  6.  This  results 
in  the  continuous,  smooth,  quasi-static  unsteady  pressure  coefficient  prediction  on 
the  airfoil  pressure  surface  seen  in  Figure  9.  Hence,  the  quasl-static  prediction 
based  on  the  transonic  analysis  does  not  correlate  as  well  with  the  data  as  the  one 
based  on  inviscid  sup)ersonic  flat  plate  theory. 


Upon  completion  of  the  auasi-static  experiment,  the  airfoil  cascade  was  harmonically 
oscillated  in  a torsional  mode  at  a reduced  frequency  (k  • wb/Us)  equal  to  0.14  for 
specified  interblade  phase  angle  values.  At  selected  points  the  cascade  static  pres- 
sure ratio  was  increased  from  the  nominal  1.05:1  to  l.30;I.  Fundamental  time-dependent 
aerodynamic  data  were  then  obtained,  analyzed,  and  correlated  with  the  predictions 
from  the  current  state-of-the-art  cascade  analysis  of  Reference  4.  This  analysis 
assumes  small  perturbations  which  are  generated  by  oscillating  zero  thickness  flat 
plate  cascaded  airfoils  in  a uniform  inviscid  steady  flow  field.  Predictions  were 
obtained  for  a variable  b lade-to-blade  amplitude  of  oscillation,  accomplished  through 
Input  of  the  measured  amplitudes  into  the  analysis.  The  chordwise  distribution  of 
the  complex  data  and  the  corresponding  prediction  is  presented  in  the  form  of  an  aero- 
dynamic phase  lag  as  referenced  to  the  motion  of  the  instrumented  airfoil,  and  the 
unsteady  pressure  coefficient,  Cp,  defined  In  Equation  1. 

Figures  10  through  21  present  the  time-variant  chordwise  suction  surface  data 
and  correlation  with  the  variable  amplitude  flat  plate  cascade  prediction  for  Inter- 
blade phase  angle  values  between  - 32.3°  end  193.8°  and  for  two  values  of  cascade 
static  pressure  ratio.  It  should  be  noted  that  the  front  portion  of  the  suction 
surface  is  relatively  flat,  with  a small  precompression  region  located  near  the  lead- 
I ng  edge . 

The  aerodynamic  phase  lag  data  Is  seen  to  be  in  excellent  agreement  with  the  flat 
plate  cascade  prediction  over  the  flat  front  portion  of  this  suction  surface.  Over 
the  rear  half  of  this  surface  where  the  surface  camber  becomes  significant,  the  data 
is  seen  to  deviate  from  the  flat  plate  prediction.  For  interblade  phase  angles  near 
45°,  Figures  12  through  15,  It  Is  seen  that  the  suction  surface  camber  results  in  a 
decrease  In  the  aerodynamic  phase  lag  as  compared  to  the  flat  plate  prediction.  For 
the  other  Interblade  phase  angles  investigated,  the  effect  of  the  surface  camber  Is  to 
increase  the  phase  lag  as  compared  to  the  flat  plate  prediction.  The  absolute  magni- 
tude of  the  camber  effect  on  the  aerodynamic  phase  lag  data  is  seen  to  be  approxi- 
mately equal  for  all  of  the  cases.  It  Is  Interesting  to  note  that  In  this  experiment, 
the  cases  for  interblade  phase  angles  near  45°  were  much  more  difficult  to  physically 
set  up,  I.e.,  it  was  much  more  difficult  to  achieve  a constant  interblade  phase  angle 
In  the  vicinity  of  45°. 

The  effect  of  Increased  aerodynamic  loading  on  the  aerodynamic  phase  lag  Is 
demonstrated  In  Figures  14,  18,  and  20.  As  seen.  Increased  cascade  static  pressure 
ratio  generally  results  in  an  increased  phase  lag  over  the  cambered  portion  of  the 
suction  surface. 

The  chordwise  trend  of  the  suction  surface  unsteady  pressure  coefficient  data  is 
to  decrease  In  the  direction  of  the  trailing  edge.  The  data  is  increased  significantly 
In  value  over  the  prediction  for  the  front  of  the  surface,  decreasing  in  value  and 
enerally  approaching  the  flat  plate  prediction  near  the  trailing  edge.  This  Is  an 
nteresting  contrast  to  the  previously  discussed  phase  lag  data  on  this  surface.  In 
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that  the  phase  laa  data  correlated  well  with  the  flat  plate  prediction  over  the 
front  portion  of  this  surface.  A similar  trend  has  been  previously  noted  In  an  experi- 
mental study  of  this  Instrumented  blade  as  an  Isolated  airfoil.  It  was  speculated 
therein  that  this  overall  trend  was  caused  by  the  leading  edge  region  Including  the 
small  precompresslon  zone.  Also,  Flaures  14,  18  and  20  demonstrate  that  an  Increased 
cascade  static  pressure  ratio  generally  results  In  an  Increased  unsteady  pressure 
coefficient  value  over  the  rear  of  this  surface. 

Figures  22  thrcuqh  33  present  the  time-variant  chordwise  pressure  surface  data 
together  with  the  predictions  obtained  from  the  variable  amplitude  Hat  plate  cascade 
prediction.  The  time-variant  phenomena  occurring  on  this  surface  are  extremely  com- 
plex as  a cambered  airfoil  surface  with  two  Impinging  shock  waves  are  Involved, 
depicted  schematically  In  Figure  5.  Generally  the  aerodynamic  phase  lag  data  exhibits 
some  correlation  with  the  flat  plate  cascade  prediction  over  the  front  portion  of  the 
pressure  surface.  The  exception  to  this  Is  the  phase  lag  data  for  the  cases  with  an 
Interblade  phase  angle  near  45",  Figures  24  through  27.  For  these  cases,  the  leading 
edge  phase  lag  data  point,  14  percent  chord.  Is  noticably  decreased  In  value  as  com- 
pared to  the  second  chordwise  data  point,  34.5  percent  chord,  as  well  as  the  flat 
plate  prediction.  On  the  suction  surface,  a discrepancy  was  noted  In  the  trend  of 
the  phase  lag  data  over  the  cambered  back  portion  of  this  surface  for  these  same 
Interblade  phase  angle  cases.  The  pressure  surface  phase  lag  trend  discrepancy  Is 
observed  over  the  cambered  front  portion  of  this  surface.  Thus,  this  effect  may  be 
related  to  the  influence  of  camber. 

For  the  case  of  approximately  0“  Interblade  phase  angle.  Figure  23,  the  aero- 
dynamic phase  lag  data  at  the  rearward  chordwise  data  points  downstream  of  the  two 
shockwave  Impingement  locations,  are  In  relatively  good  agreement  with  the  flat  plate 
prediction.  For  all  of  the  other  interblade  phase  angle  cases.  Figures  22  and  28 
through  33.  the  value  of  the  aerodynamic  phase  lag  approaches  360°  In  this  trailing 
edge  region.  This  may  be  attributable  to  the  physical  phenomena  not  modeled  In  the 
state-of-the-art  flat  plate  cascade  analysis.  For  example,  the  analysis  does  not 
predict  the  pressure  surface  Impingement  of  the  shockwave  originating  at  the  trail- 
ing edge  of  the  adjacent  airfoil.  Also,  the  steady  flow  field  Is  modeled  as  a 
uniform  flow  with  small  unsteady  perturbations  superimposed.  The  noni Inearl t les  of 
the  flow  field  Including  airfoil  camber,  shockwaves,  their  reflections  and  motion,, 
are  not  modeled.  That  this  may  be  significant  Is  reflected  in  the  fact  that  the  0° 
Interblade  phase  angle  case  correlates  well  with  the  prediction  over  the  back  portion 
of  the  pressure  surface  whereas  the  other  Interblade  phase  cases  do  not.  This  0" 
Interblade  phase  angle  case  Is  special  In  that  the  shock  systems  do  not  Interact  with 
one  another.  For  the  other  Interblade  phase  angles  Investigated,  this  was  not 
generally  the  case. 

Overall,  the  unsteady  pressure  coefficient  data  on  the  pressure  surface  shows  a 
relatively  large  decrease  in  value  between  the  leading  edge  and  the  second  chordwise 
data  points,  14.0  percent  and  34.5  percent  chord,  with  this  second  data  point  demon- 
strating reasonable  agreement  with  the  flat  plate  prediction.  The  65  percent  chord 
data  point  Is  located  In  the  Immediate  vicinity  of  the  Impinging  trailing  edge  shock 
wave,  hence  the  scatter  exhibited  by  the  data  at  this  chordwise  location  between  the 
various  Interblade  phase  angle  cases.  Over  the  approximate  aft  40  percent  of  the 
pressure  surface,  behind  the  trailing  edge  shock  Intersection,  the  unsteady  pressure 
coefficient  data  Is  In  reasonable  agreement  with  the  flat  plate  cascade  prediction. 

The  effect  of  Increased  aerodynamic  loading  on  the  pressure  surface  unsteady  data 
is  demonstrated  In  Figures  26,  30,  and  32.  As  Indicated,  Increased  cascade  static 
pressure  ratio  generally  results  in  an  Increased  aerodynamic  phase  lag  on  the  pressure 
surface,  analogous  to  the  suction  surface  results  previously  discussed. 

SUfIMARY  and  conclusions 

The  unsteady  cascade  experiment  directed  at  providing  fundamental  aerodynamic 
data  necessary  for  the  verification  or  the  direction  of  refinements  In  the  basic 
analytical  model  of  unstalled  supersonic  torsional  flutter  In  fans  and  compressors  has 
been  presented.  This  was  accomplished  by  Investigating  an  instrumented  MCA  airfoil 
cascade  which  modeled  the  tip  section  of  an  advanced  design  rotor  blade.  The  steady 
airfoil  surface  aerodynamic  performance  was  measured  at  two  levels  of  aerodynamic 
loading  and  demonstrated  very  good  correlation  with  the  corresponding  predictions  ob- 
tained from  a time-marching,  steady,  transonic  flow  analysis.  A quasi -static  experi- 
ment was  then  conducted  at  a 0°  Interblade  phase  angle  value.  The  resulting  guasl- 
statlc  unsteady  pressure  coeffic.ient  data  was  correlated  with  appropriate  predictions 
from  Inviscid  supersonic  flat  plate  cascade  theory  as  well  as  one  obtained  from  the 
tIme-marchIng  transonic  analysis.  The  quasi-static  unsteady  pressure  coefficient  data 
exhibited  excellent  correlation  with  both  predictions  in  the  suction  surface.  On  the 
pressure  surface,  however,  the  correlation  was  not  as  good,  with  somewhat  better 
correlation  of  the  data  obtained  with  the  flat  plate  prediction. 

The  dynamically  Instrumented  MCA  airfoil  cascade  was  then  harmonically  oscillated 
In  the  torsional  mode  at  an  inlet  Mach  number  of  1.55  over  a range  of  interblade  phase 
angle  values  for  two  cascade  static  pressure  ratios.  The  fundamental  unsteady  MCA 
cascade  aerodynamic  obtained  were  then  correlated  with  predictions  from  a state-of-the- 
art  unsteady  cascade  variable  blade-to-blade  amplitude  of  oscillation  analysis.  The 
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chordwise  aerodynamic  phase  lag  data  Is  In  excellent  agreement  with  the  flat  plate 
cascade  prediction  over  the  flat  front  portion  of  the  suction  surface  whereas  the  un- 
steady pressure  coefficient  data  Is  Increased  In  value  over  the  prediction  In  this 
region.  Over  the  rear  cambered  portion  of  this  surface  the  phase  lag  data  deviates 
from  the  flat  plate  prediction  whereas  the  unsteady  pressure  coefficient  data  approaches 
the  prediction.  The  correlation  of  the  flat  plate  prediction  with  the  unsteady  data  on 
the  cambered  pressure  surface  Is  extremely  complex.  This  Is  a result  of  the  surface 
camber  and  the  Impingement  of  two  shock  waves  on  this  surface.  Generally,  the  phase 
lag  data  exhibits  some  correlation  with  the  prediction  over  the  front  portion  of  the 
pressure  surface.  The  unsteady  pressure  coefficient  data  exhibits  a large  decrease 
In  the  leading  edge  region  of  this  surface,  approaching  the  predicted  value.  Over 
the  aft  portion  of  this  surface  where  the  Impinging  shock  waves  are  significant,  the 
phase  lag  data  correlates  with  the  prediction  for  the  case  where  the  two  shock  systems 
do  not  Intereact.  When  these  two  systems  do  Interact,  the  flat  plate  prediction  and 
the  phase  lag  data  do  not  correlate. 

It  should  be  noted  that  many  of  the  trends  of  this  MCA  unsteady  data  have  been 
previously  noted.  The  Increased  values  of  the  unsteady  pressure  coefficient  In  the 
leading  regions  were  found  In  an  Isolated  airfoil  Investigation  using  this  same  airfoil. 
Also,  Reference  6 presents  the  results  of  an  unsteady  cascade  experiment  wherein  the 
airfoils  were  fixed  but  the  upstream  wedge  was  oscillated  to  generate  an  unsteady  Inlet 
flow  field.  The  same  MCA  profile  blading  was  used,  although  not  the  same  Instrumented 
airfoil.  Therein  are  presented  aerodynamic  phase  lag  and  unsteady  pressure  magnitude 
data  In  the  pressure  and  suction  surfaces  which  show  a remarkable  similarity  In  trend 
to  the  data  presented  herein. 
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TABLE  I.  cascade  PHYSICAL  PARAMETERS 

2.50  INCH  (6.35  CM) 
1.21 
0.03 

50%  CHORD 

66.09°  (1.15  RADIANS) 

0.0015 

50%  CHORD 


CHORD 

SOLIDITY 

MAXIMUM  THICKNESS/CHORD 
MAXIMUM  thickness  LOCATION 
SETTING  angle 
LEADING  EDGE  RADIUS/CHORD 
TORSIONAL  AXIS  LOCATION 


TABLE  II.  MCA  AIRFOIL  PROFILE  COORDINATES 


3<W 


SUCTION 

SURFACE 

PRESSURE 

SURFACE 

X/C* 

Y/C* 

X/C* 

Y/C* 

0.00 

0.86 

0.00 

0.71 

5.2» 

0.98 

6.29 

0.04 

11.53 

0.96 

12.59 

- 0.53 

17.84 

0.96 

18.90 

- 1.00 

24.14 

0.97 

25.21 

- 1.37 

30.45 

0.99 

31.53 

- 1.64 

36.75 

1.02 

37.85 

- 1.81 

43.05 

1.08 

44.18 

> 1.88 

49.35 

1.12 

50.51 

- 1.85 

55.65 

1.22 

56.83 

- 1.72 

61.95 

1.31 

63.15 

- 1.48 

68.25 

1.41 

69.47 

• 1.15 

74.55 

1.53 

75.78 

- 0.71 

80.88 

1.62 

82.06 

- 0.25 

87.21 

1.58 

88.36 

0.16 

93.53 

1.38 

94.66 

0.50 

99.85 

1.02 

99.86 

0.88 

^Expressed  In  percent. 


TABLE  III.  PERCENT  CHORD  LOCATIONS  TABLE  IV.  PERCENT  CHORD  LOCATIONS  OF 

OF  AIRFOIL  SURFACE  STATIC  AIRFOIL  SURFACE  DYNAMIC 

PRESSURE  TAPS  PRESSURE  TRANSDUCERS 


PRESSURE  SURFACE 

SUCTION  SURFACE 

PRESSURE  SURFACE 

SUCTION  SURFACE 

13.99 

14.05 

14.0 

36.0 

24.08 

24.14 

34.5 

55.0 

32.93 

32.97 

65.0 

65.0 

41.79 

41.79 

75.5 

74.5 

50.64 

50.61 

87.0 

85.0 

67.08 

66.99 

75.92 

75.81 

84.72 

84.67 

Schematic  of  Airfoil 
Spring  Bar  Mounting 
Arrangement 
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Figure  7«  Airfoil  Surface  Steady 

Aerodynamic  Performance  for 
an  Inlet  Mach  Number  of 
1.55  and  a Cascade  Static 
Pressure  Ratio  of  1.30:1 
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Figure  9.  Pressure  Surface  Quasi -Static 
Unsteady  Pressure  Coefficient 
Data  and  Predictions  for  a 0° 
Interbiade  Phase  Angle 


Figure  11.  Chordwise  Distribution  of  the 
Unsteady  Cascade  Data  and 
Corresponding  Flat  Plata 
Predictions  on  the  Airfoil 
Suction  Surface  for  a -k.k* 
Interbiade  Phase  Angle  at  a 
Static  Pressure  Ratio  of  1.05:1 


Figure  8.  Suction  Surface  Quasi-Static 
Unsteady  Pressure  Coefficient 
Data  and  Predictions  for  a 0” 
Interbiade  Phase  Angie 


Figure  10.  Chordwise  Distribution  of  the 
Unsteady  Cascade  Data  and 
Corresponding  Flat  Plate 
Predictions  on  the  Airfoil 
Suction  Surface  for  a -32.3* 
Interbiade  Phase  Angle  at  a 
Static  Pressure  Ratio  of  1.05:1 
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Figure  12.  Chordwise  Distribution  of  the 
Unsteady  Cascade  Data  and 
Corresponding  Flat  Plate 
Predictions  on  the  Airfoil 
Suction  Surface  for  a 46.6“ 
Interblade  Phase  Angle  at  a 
Static  Pressure  Ratio  of  1.05:1 


Figure  I3.  Chordwise  Distribution  of  the 
Unsteady  Cascade  Data  and 
Corresponding  Flat  Plate 
Predictions  on  the  Airfoil 
Suction  Surface  for  a 58.2“ 
Interblade  Phase  Angle  at  a 
Static  Pressure  Ratio  of  1.05;  I 


Figure  14.  Chordwise  Distribution  of  the 
Unsteady  Cascade  Data  and 
Corresponding  Flat  Plate 
Predictions  on  the  Airfoil 
Suction  Surface  for  56.7“  end 
58.2“  Interblade  Phase  Angles 
at  the  Static  Pressure  Ratios 
of  1.30: I and  1.05:1, 
Respectively 


Figure  I5.  Chordwise  Distribution  of  the 
Unsteady  Cascade  Data  and 
Corresponding  Flat  Plate 
Predictions  on  the  Airfoil 
Suction  Surface  for  a 70.2“ 
Interblade  Phase  Angle  at  a 
Static  Pressure  Ratio  of  1.05:1 


34-12 


rigure  16 


rigure  18 


>00. 

8 

3 

I 

I 

8 


MfOICTlON 


o 


A— a 


. Chordwlse  Distribution  of  the  Figure  17.  Chordwise  Distribution  of  the 


Unsteady  Cascade  Data  and 
Corresponding  Flat  Plate 
Predictions  on  the  Airfoil 
Suction  Surface  for  a 130.6“ 
Interblade  Phase  Angle  at  a 
Static  Pressure  Ratio  of  1.05:1 


Unsteady  Cascade  Data  and 
Corresponding  Fiat  Plate 
Predictions  on  the  Airfoil 
Suction  Surface  for  a 162.1“ 
Interblade  Phase  Angie  at  a 
Static  Pressure  Ratio  of  1.05:1 
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. Chordwlse  Distribution  of  the 
Unsteady  Cascade  Data  and 
Corresponding  Flat  Plate 
Predictions  on  the  Airfoil 
Suction  Surface  for  163 •)“ 
and  162.1“  Interblade  Phase 
Angles  at  Static  Pressure 
Ratios  of  1.30:1  and  1.05: 
Respectively 


Figure  19.  Chordwise  Distribution  of  the 
Unsteady  Cascade  Data  and 
Corresoonding  Flat  Plate 
Predictions  on  the  Airfoil 
Suction  Surface  for  a 170.2“ 
Interblade  Phase  Angle  at  a 
Static  Pressure  Ratio  of  1.05:1 
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Figure  20.  Chordwlse  Distribution  of  the 
Unsteady  Cascade  Data  and 
Corresponding  Flat  Plate 
Predictions  on  the  Airfoil 
Suction  Surface  for  173.4® 
and  170.2®  Interblade  Phase 
Angles  at  Static  Pressure 
Ratios  of  1.30:1  and  1.05; 1, 
Respectively 


Figure  21.  Chordwlse  Distribution  of  the 
Unsteady  Cascade  Data  and 
Corresponding  Flat  Plate 
Predictions  on  the  Airfoil 
Suction  Surface  for  a 193.8® 
Interblade  Phase  Angle  at  a 
Static  Pressure  Ratio  of  1.05:1 


Figure  22.  Chordwlse  Distribution  of  the 
Unsteady  Cascade  Data  and 
Corresponding  Flat  Plate 
Predictions  on  the  Airfoil 
Pressure  Surface  for  a -32.3° 
Interblade  Phase  Angle  at  a 
Static  Pressure  Ratio  of  1.05:1 


Figure  23.  Chordwlse  Distribution  of  the 
Unsteady  Cascade  Data  and 
Corresponding  Flat  Plate 
Predictions  on  the  Airfoil 
Pressure  Surface  for  a -4.4® 
Interblade  Phase  Angle  at  a 
Static  Pressure  Ratio  of  1.05:1 
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Figure  24.  Chordwise  Distribution  of  the  Figure  25.  Chordwise  Distribution  of  the 
Unsteady  Cascade  Data  and  Unsteady  Cascade  Data  and 

Corresponding  Flat  Plate  Corresponding  Flat  Plate 

Predictions  on  the  Airfoil  Predictions  on  the  Airfoil 

Pressure  Surface  for  a 46.6°  Pressure  Surface  for  a 58.2° 

Interblade  Phase  Angle  at  a Interblade  Phase  Angle  at  a 

Static  Pressure  Ratio  of  1.05:1  Static  Pressure  Ratio  of  1.05:1 
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Figure  26.  Chordwise  Distribution  of  the  Figure  27.  Chordwise  Distribution  of  the 
Unsteady  Cascade  Data  and  Unsteady  Cascade  Data  and 

Corresponding  Flat  Plate  Corresponding  Flat  Plate 

Predictions  on  the  Airfoil  Predictions  on  the  Airfoil 

Pressure  Surface  for  56./°  and  Pressure  Surface  for  a 70.2* 

58.2°  Interblade  Phase  Angles  Interblade  Phase  Angle  at  a 

at  Static  Pressure  Ratios  of  Static  Pressure  Ratio  of  1.05:1 

1.30:1  and  1.05: )|  Respectively 
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Figure  28.  Chordwise  Distribution  of  the 
Unsteady  Cascade  Data  and 
Corresponding  Fiat  Piate 
Predictions  on  the  Airfoil 
Pressure  Surface  for  a 130.6® 
Interblade  Phase  Angle  at  a 
Static  Pressure  Ratio  of  1.05:1 
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Figure  29.  Chordwise  Distribution  of  the 
Unsteady  Cascade  Data  and 
Corresponding  Flat  Plate 
Predictions  on  the  Airfoil 
Pressure  Surface  for  a 162.1® 
Interblade  Phase  Angle  at  a 
Static  Pressure  Ratio  of  1.05:1 


Chordwise  Distribution  of  the 
Unsteady  Cascade  Data  and 
Corresponding  Flat  Plate 
Predictions  on  the  Airfoil 
Pressure  Surface  for  163.1“ 
and  162.1°  Interblade  Phase 
Angles  at  Static  Pressure 
Ratios  of  1.30: 1 and  1.05:1, 
Respectively 


Figure  31-  Chordwise  Distribution  of  the 
Unsteady  Cascade  Data  and 
Corresponding  Flat  Plate 
Predictions  on  the  Airfoil 
Pressure  Surface  for  a 170.2* 
Interblade  Phase  Angle  at  a 
Static  Pressure  Ratio  of  1.05:1 
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Figure  32.  Chordwise  Distribution  of  the 
Unsteady  Cascade  Data  and 
Corresponding  Flat  Plate 
Predictions  on  the  Airfoil 
Pressure  Surface  for  173.4° 
and  170.2“  Interbiade  Phase 
Angies  at  Static  Pressure 
Ratios  of  l.30;i  and  1.05; I, 
Respectively 


Figure  33.  Chordwise  Distribution  of  the 
Unsteady  Cascade  Data  and 
Corresponding  Fiat  Plate 
Predictions  on  the  Airfoil 
Pressure  Surface  for  a 193.8° 
Interbiade  Phase  Angle  at  a 
Static  Pressure  Ratio  of  1.05: i 


DETERMINATION  OF  THE  VORTEX  SHEDDING  FREQUENCY  OF  CASCADES 
WITH  DIFFERENT  TRAILING  EDGE  THICKNESSES 
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DFVLR-AVA 
BunaenatraSe  10 
D - 3400  Gottingen 


Summary 

The  wake  flow  of  iaolated  airfoila  and  turbine  caacade  bladea  appeara  to  conalat  generally  of  vortex  atreeta. 
Vortex  atreeta  appear  In  incompreaaible  and  compreaaible  flow.  Recently  in  the  DFVLR-AVA  an  electronic- 
optical  method  waa  developed  to  determine  the  ahedding  frequency  of  the  vorticea  in.the  wake  flow.  Thia 
method  ia  uaed  in  teating  tl>e  flow  through  varioua  hub-,  mid-  and  tip-aection  turbine  caacadea  for  varioua 
downatream  Mach  numbera  in  the  aub-  and  tranaonic  flow  regimea.  The  trailing  edge  thickneaaea  of  the 
bladea  vary  from  0.8  to  5 percent  of  the  blade  chord  length.  Thin  trailing  edgea  lead  to  higher  frequenciea 
than  thicker  onea  at  conatant  Mach  numbera. 

The  experlmenta  give  a aurvey  of  the  region  of  poaalble  ahedding  frequenciea  and  the  correapondlng  Strouhal 
numbera  of  turbine  caacadea  which  in  use  today. 


List  oi  Symbols 


b 

blade  height 

®2 

c 

blade  chord 

f 

8 

pitch  length 

St 

d 

trailing  edge  thickness  of  the  blade 

U 

d’ 

reduced  trailing  edge  thickness 
(see  figure  13) 

a 

M » - 

0 

boundary  layer  displacement  thickness 

y 

1 

stagger  angle 

_ u.  d 

^ 

^1 

inlet  angle 

a p 

1. 

Introduction 

outlet  angle 

frequency  of  vortex  shedding 

Strouhal  number 

downstream  velocity 

velocity  of  sound 

downatream  Mach  number 

kinematic  viscosity 

Reynolds  number,  based  on  blade 
thickness 


It  la  well  known  that  the  agreement  of  theoretical  flow  calculations,  which  are  based  e.  g.  on  Martensen'a 
method,  and  experimental  investigations  strongly  depend  on  assuptions  of  the  flow  conditions  at  the  trailing 
edge  of  the  profiles  [1.  2]  . Changing  the  position  of  the  last  calculation  points  at  the  suction-side  and  at 
the  pressure-side  of  the  trailing  edge,  in  a region  less  than  one  percent  of  the  chord  length  of  the  blade, 
the  pressure  distributions  may  be  affected  considerably  (2)  , Therefore  it  appears  to  be  necessary  to 
investigate  the  wake  flow  at  the  trailing  edge  in  order  to  get  a better  understanding  of  the  flow  field.  This 
is  especially  of  importance  for  gas  turbines,  the  blades  of  which  have  a comparatively  thick  trailing  edge. 
The  trailing  edges  of  gas  turbine  blades  are  rather  large  - up  to  S ^thick  based  on  the  chord  length  of  the 
blade.  In  cases  of  such  large  trailing  edge  thicknesses  the  wake  flow  consists  of  vortex  streets  with  very 
distinct  vortices. 


For  single  airfoils  the  vortex  shedding  at  the  trailing  edge  was  investigated  for  two  reasons;  firstly,  it 
was  assumed  that  flutter  could  be  caused  by  vortex  shedding  [3]  and  secondly,  some  publications  [4,  5,  6] 
indicate  that  noise  is  generated  due  to  vortex  ahedding. 


T 
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At  DFVLR-Ay'A  Gdttingen  schUeren  pictures  of  the  flow  through  different  cascades  and  of  the  Row  past  isolated 
airfoils  were  taken,  which  showed  vortex  streets  in  the  wakes  of  the  profiles  [7,  8|  . An  electronic -optica I 
method  was  developed  in  order  to  determine  the  shedding  frequency  of  the  vortices  [9J  . The  method  is  used 
for  the  investigation  of  various  turbine  cascades  to  get  a survey  of  the  region  of  possible  shedding  frequen- 
cies of  turbine  cascades. 


2 . Experiments  I Fac  i Uties 

2. 1  Windtunnel  for  2-Dimensional  Cascades 

The  cascade- windtunnel  of  the  DFVLR-AVA  is  a suction  type  windtunnel.  A detailed  description  of  the 
facility  is  given  in  [10]  . There  is  a rectangular  nozzle  upstream  of  the  cascade  and  either  a free  jet  or 
in  some  cases  a tail-board  downstream.  The  test  section  can  accomodate  up  to  about  16  blades  depending 
on  the  geometry  of  the  cascade  and  on  the  inlet  angle  6 . In  general,  the  blade  chord,  c,  is  60  mm  and 
the  blade  height,  b,  125  mm.  Thus  the  height/chord  ratio,  b/c,  is  2.08.  For  taking  schUeren  pictures 
or  frequency  measurements  the  blades  are  fixed  within  the  glass-wall  with  the  aid  of  two  pins  at  each 
side  of  the  blade.  The  pins  do  not  protrude  into  the  flow. 


2.2  Arrangement  for  the  Frequency  Measurements 

The  electronic-optical  frequency  measurement  method  is  described  in  detail  in  [2,  9,  11]  . 

The  determination  of  the  frequency  is  independent  on  the  test  location  within  the  vortex  row.  In  the  case 
of  a flat  plate  the  shedding  frequency  can  be  determined  even  one  chord  lengtli  downstream  (11)  . In  [2]  it 
is  shown  that  for  constant  flow  conditions  one  gets  the  same  results  for  the  frequency  when  the  measure- 
ments are  taken  behind  different  blades  of  the  cascade.  To  get  best  results  for  the  experiments  described 
in  the  following  the  test  position  within  the  wake  varies,  because  the  outlet  angle  $ changes  with  Mach- 
numbers  M [12]  . ^ 


2.3  Description  of  the  Investigated  Cascades 

Ten  different  turbine  cascades  are  investigated:  2 tip-section  cascades,  5 mid-section  cascades  and 
3 hub-section  cascades.  In  figure  1 the  profiles  and  the  geometries  of  the  cascades  are  shown.  The  two 
tip-section  cascades  consist  of  flat  plates  with  different  geometries,  chord  lengths  and  thicknesses.  The 
first  mid-section  cascade,  the  profile  of  which  is  called  M 1,  is  investigated  in  the  original  version  (M  lA) 
and  in  addition  with  two  different  trailing  edge  thicknesses  (M  IB  and  M 1C).  In  all  three  versions  the  blade 
contour  is  equal  except  for  the  fact  that  the  profiles  are  shortened  at  the  tralUng  edges.  The  profile  M IB 
has  a traiUng  edge  thickness,  d,  of  1.25  mm  and  the  profile  M 1C  a trailing  edge  thickness,  d,  of  1.82  mm. 
Because  of  the  shortening  of  the  profiles  M IB  and  M 1C  the  stagger  angle,  y,  and  the  chord  , c,  of  the 
cascades  vary  a Uttle.  The  values  are  given  in  figure  1. 


3 . Experimenta  I Resu  tts 

з. 1  Tip-Section  Cascades 

Figure  2 and  3 show  the  resu  tts  for  the  two  Up-section  cascades,  T 1 and  T 2.  The  frequency,  f,  is  plotted 
versus  the  downstream  velocity,  u,  and  the  Strouhal  number.  St,  versus  the  downstream  Mach  number,  M. 
The  Strouhal  number  is  defined  as 

(1)  St  * 

u 

There  are  two  different  downstream  teat  Mach  numbers.  The  first  one  is  the  isentropic  Mach  number.  The 
isentropic  Mach  number  is  used  because  wake  flow  measurements  are  not  available  for  all  flow  conditions 
for  which  the  vortex  shedding  is  determined.  The  losses  of  the  cascades  are  not  included.  The  results  are 
shown  in  the  diagrams  by  + symbols.  The  second  Mach  number  is  based  on  the  homogeneous  flow  conditions 
far  downstream  of  the  cascade.  Ihe  evaluation  of  the  homogeneous  downstream  flow  is  described  in  [13]  . 
The  results  are  given  by  o symbols.  For  the  trailing  edge  thickness,  d,  a value  twice  the  trailing  edge 
radius  is  taken.  This  is  a geometric  value,  not  including  the  boundary  layer  displacement  thickness,  6 . 
as  done  for  example  in  [14]  . 

The  results  for  the  profile  T 1 show  that  the  frequency,  f,  increases  linearly  with  the  downstream  velocity, 

и,  over  the  entire  velocity  range  (figure  2a).  It  is  remarkable  that  also  for  transonic  and  supersonic  velo- 
cities vortices  occur  and  the  range  of  Strouhal  number,  St,  is  nearly  the  same  as  for  a circular  cylinder 
in  inccmpressible  flow  (see  [15]  , figure  2.  9).  The  ReynoUs  number  range  [Msed  on  the  trailing  edge 

thickness,  d,  for  the  measurements  shown  here  is  0.3’  10*  < Re  . < 1.6*  10°. 

d 
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The  results  of  the  second  flat  plate  cascade  T 2 are  shown  in  figure  3.  The  thickness  of  these  blades  is 
only  one  half  of  the  thickness  of  the  cascade  blades  T 1 Up  to  u m 250  m/s  the  frequency,  f,  increases 
again  almost  linearly  (figure  3a),  and  the  Strouhal  number,  St,  is  0.2  (figure  3b).  For  higher  Mach  numbers 
the  value  of  the  Strouhal  number  is  larger  (0.2  < St  < 0.3). 


3.2  Mid-Section  Cascades 

In  figure  4.  5 and  6 the  results  for  the  mid-section  cascades  M lA,  M IB  and  M 1C  are  given.  The  trailing 
edge  thickness  of  the  blades  of  M lA  is  d > 0.45  mm.  This  is  the  thinnest  trailing  edge  investigated. 

Figure  4a  shows  that  the  frequency  increases  up  to  160  kHz.  The  Strouhal  number  obtained  for  cascade 
M lA  (inlet  angle  3.  = 110°)  is  about  0.24  (figure  4b).  In  the  case  of  M IB  two  different  inlet  angles  are 
investigated  3.  = 0u°  and  120  . It  can  be  seen,  that  there  is  no  significant  influence  of  the  different  inlet 
angles  on  the  results  (figure  5).  The  diagram  of  the  frequency,  f,  versus  the  velocity,  u,  shows  again  a 
linear  dependence.  The  Strouhal  number  is  about  0.35  (figure  5b).  The  results  for  the  cascade  M 1C  with 
the  thickest  trailing  edge  (d  > 1.82  mm)  show  lower  shedding  frequencies  (figure  6a)  but  nearly  the  same 
Strouhal  number  (figure  6b)  as  obtained  for  the  cascade  M IB  (figure  5b). 

In  figure  7 die  results  for  another  mid-section  cascade  with  a similar  turning  are  given.  The  thickness  of 
the  trailing  edge,  d • 0.75  mm  is  again  rather  small.  The  maximum  measured  shedding  frequency  is  about 
100  kHz.  The  frequency  shows  again  a linear  dependence  on  u (figure  7a).  The  value  of  the  Strouhal  number 
increases  up  to  the  Mach  number  M - 0.4  . For  Mach  numbers  M > 0.4  the  Strouhal  number  is  constant 
(Stw  0.28). 

The  results  of  the  measurements  for  the  third  mid-section  cascade  M 3 are  shown  in  figure  8.  M 3 is  the 
cascade  with  the  smallest  pitch/chord  ratio,  g/c.  The  turning  is  small,  compared  with  the  other  mid- 
section cascades.  The  trailing  edge  is  thicker  (d  - 2. 15  mm)  than  for  the  cascades  M 1 and  M 2.  The 
value  of  the  Strouhal  number  is  about  0.25  . 


3.3'  Hub- Section  Cascades 

The  results  of  the  three  different  hub-section  turbine  cascades  are  given  in  figures  9,  10  and  11.  In  the 
past,  investigations  of  unsteady  flow  effects  [16]  and  secondary  flow  effects  [17]  were  already  performed 
for  the  profile  H 1.  The  results  of  the  shedding  frequency  measurements  are  shown  in  figure  9.  There  is 
a sudden  increase  of  the  frequency,  f,  at  u m 300  m/s,  corresponding  to  an  increase  of  the  Strouhal  number, 
St,  at  M M 0.  9 . In  the  case  of  lower  velocities  the  Strouhal  number  is  constant,  St  m 0,23  . The  trailing 
edge  thickness  of  d = 0,85  mm  is  the  smallest  one  investigated  for  the  hub-section  cascades. 

In  the  case  of  the  profile  H 2 two  different  inlet  angles  3^  * 120°  and  140°  are  investigated.  The  frequencies 
shown  in  figure  10  are  not  influenced  by  the  inlet  angles.  The  increase  of  the  frequency,  f,  with  the  down- 
stream velocity,  u.  is  linear  again  up  to  u m 300  m/s.  The  Strouhal  number,  St,  decreases  moderately 
with  higher  velocities  (figure  10b)  up  to  M « 0.9  and  increases  for  Mach  number  M > 0.9  , The  value  of 
the  Strouhal  number  is  0.  3 < St  < 0.4.  The  trailing  edge  thickness  of  d • 3. 1 mm  is  comparatively  large. 
Profiles  of  this  type  are  used  to  eject  coolant  air  from  the  trailing  edges  of  the  blades.  The  cascade  H 2 
is  designed  by  the  v.Karman  Institut  CVKI),  Belgium  [18]  . It  was  proposed  by  the  VKI  to  investigate  this 
cascade  in  different  cascade  windtunnels  for  purpose  of  comparison.  All  the  theoretical  and  experimental 
results  of  the  DFVLR-AVA  are  given  in  [19]  . 

Figure  11  shows  the  results  of  the  third  hub-section  cascade  (H  3).  The  value  of  the  Strouhal  number  is 
about  StM  0.28  . 

In  figure  12  schlieren  pictures  are  shown  for  the  cascades  T 1,  M 3 and  H 3.  Photographs  taken  from  all 
other  cascades  Investigated  here,  which  show  the  vortices  in  the  wake  flow,  are  published  in  [2,  7,  9)  . 


4.  Discussion  of  the  Results 

It  was  already  mentioned  that  the  Strouhal  number  in  the  case  of  the  flat  plate  cascade  T 1 is  St  • 0.2  . 
This  value  is  also  obtained  for  a single  flat  plate  with  d/c  • 0.03  and  d/c  • 0.05  [9]  . The  shedding 
frequency  for  the  isolated  flat  plates  was  investigated  for  Mach  numbers  M <0,9  . Up  to  this  Mach 
number  range  there  is  no  difference  in  the  Strouhal  number  between  flat  plate  cascades  and  the  Isolated 
flat  plate.  The  reason  for  this  is,  that  a flat  plate  cascade  of  comparatively  large  pitch/chord  ratio  , 
g/c,  behaves  like  a single  flat  plate.  Proceeding  to  higher  velocities  a shock  system  appears  behind  the 
trailing  edge  as  shown  in  figure  13  for  cascade  T 2.  In  this  case  it  is  usefkil  to  base  the  Strouhal  number 
not  on  the  geometric  blade  thickness,  d,  but  on  the  wake  height  (d')  at  the  position  of  the  confluence  (see 
figure  13).  Using  d*  the  Strouhal  numter  for  the  cascade  T 2 is  reduced. 

In  [7]  a schlieren  picture  of  the  same  cascade  and  a similar  flow  condition  is  published.  In  the  photograph 
the  vortices  are  not  visible.  Neverthelesa  the  vortex  street  exists  as  one  can  recognize  on  figure  13. 
Whether  the  vortex  street  is  visualized  depends  on  the  position  of  the  knife  edge  of  the  schlieren  optical 
system  and  an  extreme sensitive  adjustment.  Obviously  the  adjustment  was  not  sufficient  for  the 
schlieren  picture  published  in  [7] . 
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In  [2]  the  question  Is  considered  on  which  velocity  the  Strouhal  number  should  be  based.  In  the  case  of  i 

cylinders  (6,  20]  and  single  airfoils  (5,  9]  the  free  stream  velocity  is  used.  In  [2,  21]  the  trailing  edge 
velocity  obtained  by  surface  pressure  measurements  is  used  for  the  computation  of  the  Strouhal  number.  j 

This  velocity  is  interpreted  as  the  mean  value  of  the  suction  and  pressure  side  velocity.  Using  this  value  j 

it  was  expected  to  get  equal  Strouhal  numbers  for  different  cascades.  Thus,  Strouhal  numbers  are  com- 
puted in  this  way  for  the  ten  cascades  investigated  here.  However,  equal  Strouhal  numbers  could  not  be 
achieved.  The  results  are,  therefore,  not  shown. 


5.  Conclusion 

The  shedding  frequency  of  the  vortices  of  a v.  Karman  vortex  street  is  determined  with  the  aid  of  an 
electronic-optical  method  developed  in  the  DFVLR-AVA.  Ten  turbine  cascades  of  tip-section,  mid-section 
and  hub-section  are  investigated.  The  trailing  edge  thicknesses  of  the  cascade  blades  vary  between  0.8 
and  5 ^ of  the  blades  chord  length.  The  downstream  Mach  number  used  for  the  computation,  of  the  Strouhal 
number  is  mainly  in  the  range  of  0.2  < M < 0.9,  but  in  the  case  of  the  two  tip-section  cascades  also 
supersonic  flow  conditions  were  examined.  The  Strouhal  numbers  for  all  ten  qascades  Ue  within  a range 
of  0.2  < St  < 0.4  . The  Reynolds  number  range  is  0.3«  10^  < Re  < 1.6*10  . The  highest  shedding  fre-. 
quency  , which  is  obtained  in  the  case  of  the  thinnest  trailing  edge,”is  about  160  kHz.  It  is  not  possible  to 
achieve  constant  Strouhal  numbers  for  different  cascades  by  using  the  velocity  at  the  trailing  edge  instead 
of  the  downstream  velocity. 
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ROUND  TABLE  DISCUSSION 


Chairman.  Prof.  Young 

Ladles  and  Gentlemen,  we  have  coise  to  the  final  stage  of  this  meeting,  and  I think  that 
most  people  are  feeling  rather  overwhelmed  with  all  they  have  heard.  Perhaps  we  should  try  to  make  this 
session  short  and  bright.  I have  asked  up  here  with  me  the  people  who  can  offer  Informed  comments  on  the 
various  sections  of  the  meeting.  On  my  left  Is  Prof.  Tellonls.  On  my  Immediate  right  Is  Dr.  McCroskey. 

On  his  right  Is  Mr.  Garner,  and  on  his  right  Dr.  Tljdeman.  What  I would  like  to  do  Is  to  ask  each  of  them 
In  turn  to  talk  about  the  area  with  which  they  are  laost  concerned,  and  to  discuss  very  briefly  what  they 
think  are  the  main  points  that  they  feel  have  arisen  from  the  appropriate  session  or  sessions  and  where 
they  think  future  research  activities  should  be  directed.  At  each  stage  I shall  be  glad  to  have  you  get 
up  and  offer  your  comsents  on  the  points  that  are  made.  I should  tell  you  that  this  particular  session  Is 
being  recorded,  so  If  you  get  up  and  say  anything,  would  you  please  give  your  name  and  affiliation,  so 
that  you  can  be  suitably  credited  with  your  remarks  when  the  final  recorded  version  comes  to  be  printed. 

I will  start  off  by  Inviting  Mr.  Garner  to  say  a few  words  about  his  Impressions  on  the  subject  of 
Session  1,  which  was  unsteady  subsonic  and  supersonic  flow,  where  the  emphasis  was  on  Invlscld  flow  solu- 
tions. 

Mr.  Garner 

I am  very  conscious  that  I am  deputizing  for  Prof.  Ashley  and  not  fully  qualified  to  do 

so.  However,  I will  go  through  Che  eight  papers  In  that  session,  trying  to  be  as  provocative  as  I can. 

Provocative  means  calling  forth,  and  I hope  to  call  forth  discussion. 

In  the  opening  paper  the  field  was  admirably  reviewed  by  Prof.  Holt  Ashley.  In  conclusion 

he  reiterated  that  linearized  theory  was  In  danger  of  over-refinement  and  voiced  his  dream  of  a unified 

methodology  of  computational  fluid  dynamics.  I would  also  call  attention  Co  Che  appeal  In  his  written 
paper  for  careful  measurements  of  pressures  and  other  field  variables  In  unsteady  flows.  The  theoretician 
imist  check  all  aspects  of  his  solutions.  Dr.  Tljdeman  has  rightly  emphasized  that  linearization  In  un- 
steady perturbations  may  often  suffice  for  the  overall  quantities  needed  In  practical  application.  Never- 
theless, while  theories  are  still  being  developed,  the  details  of  solutions  must  receive  thorough  appraisal. 
Now  I come  to  Prof.  Kandll's  paper  In  which  he  describes  a new  treatment  of  delta  wings  In  steady  and 
unsteady  asysmecrlc  flows  with  leading-edge  separations.  In  such  flows  the  leading-edge  vortices  are  the 
dorninmnt  feature  and  a rather  special  one.  It  Is  Important,  therefore,  that  the  creatisent  Is  applicable 
to  general  planform.  Nevertheless,  1 wonder  whether  further  Investigation  Is  needed  to  deal  with  swept 
wings  having  attached  flow  over  the  Inner  portion  of  the  span  and  part-span  vortices  over  the  outer  portion, 
also  with  flows  where  the  separation  is  Intermltter.c,  and  with  swept  wlnga  having  non-zero  tip  chord  and 
edge  forces  Chat  Influence  the  yawing  moment.  Prof.  Morino's  SOUSSA  lends  a touch  of  reality  to  Prof. 
Ashley's  dream.  The  version  of  SOUSSA  after  February  1978  will  be  eagerly  awaited,  with  its  facilities 
for  a complex  aircraft  configuration  with  rolled-up  vortex  wake,  with  shock-free  mixed  flow  and  85  % time 
reduction  on  the  current  version.  If  all  this  Is  achieved,  the  name  will  need  to  be  expanded!  1 would 
suggest,  however,  that  there  Is  scope  for  replacing  uniformly  loaded  planar  panels  by  ones  with  continulry 
In  loading  and  curvature  at  their  edges. 

In  Dr.  Patel's  paper  the  'old  hat'  aerodynamics  of  linearized  theory  gets  a considerable 
lift  from  experimental  results  In  a gust  tunnel.  The  theoretical  man  conveniently  builds  his  gust  from 
the  figment  of  an  elementary  sinusoidal  gust.  Dr.  Patel  has  turned  figment  into  reality,  and  by  combining 
sinusoidal  gusts  of  different  wavelength  In  a low-speed  wind  tunnel  he  has  vindicated  Che  principle  of 
superposition  upon  which  the  theoretical  treatment  relies.  In  this  respect,  full  reassurance  would  demand 
a reduction  of  the  wavelength  In  Che  experiments  by  an  order  of  magnitude  to,  say,  one  chord  length. 

In  the  written  paper  by  Dr.  Gelssler,  his  subsonic  panel  method  has  been  applied  and  com- 
pared with  experiment  for  a thin  swept  wing  with  oscillating  flaps,  for  a pitching  body  of  revolution  and 
for  an  oscillating  thick  rectangular  wing  with  zero  and  non-zero  mean  lift.  I hope  that  the  final  version 
will  Include  the  Improved  calculations  in  this  last  case  when  the  boundary  layer  Is  taken  Into  account. 

Thus  encouraged,  Is  Dr.  Gelssler  now  able  to  turn  his  attention  Co  the  wing-body  combination! 

Perhaps  the  generality  of  Prof.  Das'  treatment  of  the  disturbances  propagated  from  moving 
sources,  dipoles  and  quadrupoles  will  encourage  the  realization  of  Prof.  Ashley's  dream!  Some  basic  dis- 
tinctions have  been  made  between  subsonic  and  supersonic  streams  and  between  Che  characteristics  of  near- 
fleld  and  far-fleld  disturbance  potentials.  A topic  for  discussion  would  be  how  to  turn  this  academic 
'tour  de  force'  to  practical  use.  I wonder  if  Prof.  Morlno  would  be  able  to  say  whether  any  features  of 
Prof.  Das'  analysis  would  enhance  SOUSSA. 

1 come  now  to  Mr,  Bosch's  paper  which  provides  an  Interesting  analytical  desionstratlon  of 
the  substantial  equal  and  opposite  streoiwlse  forces  on  Interacting  aerofoils  In  potential  flow.  In  un- 
steady flow  It  Is  reassuring  to  find  that  a stationary  trailing  plate  calms  Che  energy  losses  In  the  wake 
of  an  oscillating  aerofoil.  One  can  envisage  the  efficiency  of  transporting  felled  timber  on  the  Ottawa 
River.  An  Intriguing  application  of  the  study,  we  are  told.  Is  to  traffic  In  muddy  canals,  but  surely 
this  is  of  no  Interest  In  Ottawa  Itself! 

In  his  paper.  Dr.  Roos  has  explained  how  combined  theoretical  and  experimental  studies  have 
tamed  the  problem  of  wing-store  interference.  Should  Che  theoretical  prediction  be  doubted,  there  are 
confirmatory  pressure  sieasureraents  In  the  wind  tunnel.  Should  there  be  lingering  doubts  about  pressure 
iseasuremenCs  by  the  scanning-valve  technique,  one  can  turn  to  the  validation  of  Che  theory  against  model 
flutter  tests  with  and  without  stores.  Should  wall  interference  be  a source  of  worry,  then  there  Is  en- 
couraging confirmation  of  the  flutter  predictions  from  free  flight. 

In  conclusion  I return  to  Prof,  Ashley's  paper  and  his  remark  that  AGARD  Report  643  on 
interfering  surfaces  is  already  becoming  out  of  date.  In  the  light  of  an  accumulation  of  fresh  theoretical 
evidence  and  Mr.  Ai^ellnl's  illustration  (Paper  27,  Fig.  3)  of  discrepancies  between  theory  and  experiment 
for  coplanar  tandem  surfaces,  we  can  surely  sec  scope  for  some  reappraisal. 

Prof.  Young 

Thank  you  very  much.  Perhaps  some  of  you  would  like  to  reply  or  add  Co  these  comoents  of 
Mr.  Garner.  No,  in  that  case  I will  ask  Dr.  Tijdesmn  to  comamnc  on  the  particular  area  which  1 kncm  he  is 
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concerned  with,  unsteady  transonic  flow. 

Dr.  TUdeiian 

In  fact,  the  session  on  unsteady  transonic  flow  covered  a number  of  subjects.  Four  papers 
dealt  with  oscillating  airfoils  and  wings.  Further  there  was  an  ad  hoc  Investigation  on  the  flow  In  a 
two-dlaenalonal  diffuser,  and  a paper  about  the  Influence  of  noise. 

Talking  about  oscillating  airfoils.  It  can  be  concluded  that  considerable  progress  Is  made 
In  two-dimensional  flow  computation.  This  was  demonstrated  for  Instance,  by  Dr.  Yoshlhara  and  his  associ- 
ates, who  easily  generated  various  types  of  unsteady  pressure  distributions  on  an  airfoil  with  both  leading 
and  trailing  edge  flap.  While  watching  their  film,  I got  the  Impression  that  It  was  nice  entertainment, 
but  that  In  the  examples  shown,  no  real  problems  were  solved.  I would  like  to  ask  the  authors  to  focus 
their  attention  to  the  questions  that  the  aeroelastlc  specialists  are  struggling  with,  namely,  the  gener- 
ation of  unsteady  transonic  aerodynamic  loads  In  a form  which  Is  suitable  for  practical  application  In 
aeroelastlc  calculations. 

The  paper  of  Prof.  Seebass  et  al.  on  a technique  to  Include  shock  waves  In  unsteady  aero- 
dynamic calculations  was  very  Interesting.  The  extension  of  the  Idea  of  "shock  matching"  to  three-dimen- 
sional finite-difference  methods  for  transonic  flow  do  require  an  enormous  amount  of  computer  time  and 
therefore  are  still  far  from  practical. 

The  experimental  Investigations  performed  by  ONERA  (Grenon  and  Thers)  are  very  useful.  A 
variety  of  different  flow  conditions  has  been  studied.  I would  like  to  ask  the  authors  whether  It  Is 
possible  to  release  the  contour  data  of  the  airfoil  Investigated,  since  It  certainly  will  be  an  attractive 
example  for  the  theoreticians  to  verify  calculation  methods. 

The  remaining  papers  In  the  session  on  unsteady  transonic  flow  are  somewhat  difficult  to 
Judge  for  me,  since  I do  not  know  much  about  flows  In  diffusers  or  noise  problems.  I got  the  Impression 
that  Dr.  Sajben  et  al.  did  a good  Job  to  Improve  the  understanding  of  the  physical  phenomena  In  transonic 
diffuser  flow  and  that  the  extensive  Investigation  of  Mr.  Vaucheret  Is  a valuable  contribution  In  Judging 
the  effect  of  noise  In  wind  tunnel  experiments. 

Prof,  Young 

Are  there  any  cossaents  that  anybody  would  like  to  make  on  this  sreaT 

M.  Grenon 

Pour  les  coordonndes  de  ce  profll,  11  faudralt  prendre  contact  avec  1 'Aerospatiale  qul  a 
desslnd  ce  profll.  C'est  tout  ce  que  Je  peux  vous  dire  pour  le  moment. 

Dr.  McCroskev 

In  fact.  It  would  be  useful  to  have  the  coordinates  and  also  the  numerical  tabulations  of 
these  data  because  as  you  say.  It  Is  an  area  for  which  the  theoreticians,  particularly  the  numerical 
analysts,  are  crying  for  data.  This  Is  a set  which  I presume  was  done  carefully  enough  to  be  considered 
worthy  In  this  way. 

Prof.  Young 

Would  anyone  like  to  comsent  on  the  problem  of  what  was  called  the  transonic  dip,  parti- 
cularly In  connection  with  supercritical  wings? 

Prof.  Berah 

Concerning  the  Influence  of  supercritical  properties  on  the  flutter  behavior,  I think  many 
aeroelasticlans  put  the  question  too  academic  by  comparing  flutter  speeds  of  two  Identical  wings,  only 
different  In  aerodynamic  possibilities,  the  one  being  conventional,  the  other  supercritical.  Of  course, 
then  you  have  an  Indication  of  the  difference  In  flutter  behavior  of  these  two  types  of  airfoils,  but  In 
practice,  the  situation  Is  different.  If  you  will  develop  an  airplane  with  a supercritical  wing,  the 
question  Is  how  do  you  take  advantage  of  the  typical  supercritical  properties?  For  Instance,  If  you  keep 
the  Mach  number  Identical,  but  you  use  less  sweep  or  a thicker  wing  having  higher  torsion  rigidity,  then 
the  answer  may  be  that  the  supercritical  wing  Is  less  critical  for  flutter  than  the  conventional  one. 
Another  possibility  Is  that  you  make  use  of  the  supercritical  properties  by  taking  a higher  aspect  ratio. 
Then  you  are  extending  the  beam  In  such  a way  that  It  may  become  critical  again  from  a flutter  standpoint, 

Mr.  Gamer 

On  the  question  of  the  effect  on  flutter  as  you  enter  the  supercritical  regime,  there  Is 
the  consideration  that  your  aerodynamic  center  moves  aft  for  a considerable  range  of  Incidence  once  the 
supercritical  flow  is  established.  At  least,  that  is  what  one  calculates,  and  I think  sometimes  what  one 
measures.  If  that  Is  so,  the  tendency  Is  beneficial  towards  flutter.  However,  I have  expressed  a warning 
that  one  should  be  careful  not  to  rely  on  the  Increased  flutter  speeds  that  one  might  calculate  using  In- 
vlscld  flow  theory. 

Prof.  Young 

Shall  we  now  pass  on  then  to  the  third  section,  namely,  unsteady,  non-separated  and 
separated  boundary  layers.  Here  I would  like  to  ask  Prof.  Tellonls  to  comment. 

Prof.  Tellonls 

I would  like  to  refrain  from  taking  one  by  one  the  papers  presented  here  and  comsentlng 
upon  them;  Instead,  I would  rather  offer  some  general  comments.  I will  start  first  with  unsteady  separ- 
ation, which  Is  my  dear  topic.  I will  try  to  be  as  honest  and  dcwn  to  earth  as  possible.  The  reason  I 
start  with  this  is  because  I then  Intend  to  pass  the  ball  to  someone  else  In  this  room,  when  we  cosie  to 
unsteady  turbulent  boundary  layers.  For  a long  time,  so  I was  told,  before  I started  getting  Involved  In 
this  research  10  years  ago,  unsteady  separation  was  a big  and  Important  problem.  I now  observe,  that  some 
Investigators  have  ceased  to  be  Interested  In  this  area.  After  all,  the  people  who  work  with  the  full 
Navler-Stokes  equations  simply  say,  "who  cares?  my  streamlines  and  my  vortlclty  lines  give  me  all  1 need 
to  know,  I do  not  even  need  to  define  unsteady  separation".  This  Is  a good  point.  Next,  we  would  like 
to  see  this  group  extend  their  theories  to  larger  Reynold's  numbers,  and  isaybe  we  will  not  need  to  knew 
anything  snre.  The  fact  resmlns,  that  In  a realistic  fluid  flow,  we  are  going  to  have  turbulence  In  thin 
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boundary  layers  that  cover  our  aerodynaalc  surfaces,  we  are  going  to  have  attached  and  free  shear  layers 
and  the  phenosienon  whereby  the  fluid  ceases  to  follow  the  contour  of  the  body  and  turns  sharply,  I do  not 
know  how  sharply.  Into  the  flow,  I think  that  this  phenomenon  will  still  be  called  separation  and  what 
follows  downstream  of  It,  wake.  However,  I also  feel  that  these  past  few  years.  Important  evidence  be- 
came available,  that  makes  us  readjust  our  understanding  of  what  is  a wake.  1 always  liked  to  believe 
that  the  point  of  separation  marks  the  initiation  of  the  wake.  This  Is  where  the  wake  begins.  Separation 
and  wake  are  therefore  Intimately  linked.  1 felt  that  there  was  no  doubt  that  a wake  ought  to  be  a region 
of  the  flow  where  the  velocities  are  very,  very  small.  It  used  to  be  called  dead  air  or  dead  water.  It 
Is  definitely  erratic  In  Its  motion  and  contains  large  scale  turbulence.  I believe  that  we  may  have  to 
reconsider  our  understanding,  because,  at  least  In  unsteady  aerodynamics,  we  have  seen  In  many  pictures 
of  large-Reynolds-number  flow  visualizations,  a very  well  organized  vortical  oiotlon  which  Is  definitely 
unsteady.  This  Is  nothing,  for  example,  but  the  vortex  generated  at  the  leading  edge  which  you  have  seen 
In  Dr.  Metha's  and  Dr.  Vhi's  beautiful  results.  It  is  also  there.  In  the  flow  visualizations  of  stalling 
airfoils  of  Dr.  Carr,  McCroskey  and  their  associates.  I oiay  add  that  we  have  seen  In  our  experlisent  a 
classical  slow-moving  turbulent  wake  suddenly  being  "energized",  getting  a lot  of  energy  from  somewhere, 
somehow,  and  suddenly  taking  the  entity  of  a vortex.  The  problem  Is  whether,  even  In  this  case,  separ- 
ation could  be  the  magical  point  where  somehow  the  energy  from  the  free  flow  Is  channeled,  through  vis- 
cosity, Into  this  vortical  motion,  which  Is  moving  and  changing  Its  size  and  shape  and  breaking  down  to 
other  vortices.  This  such  I would  have  to  say  about  separation. 

Now  I will  go  on  to  unsteady  laminar  and  mostly  turbulent  boundary  layers.  I would  like 
to  tell  you  that  yesterday  was  an  excruciating  day  for  most  of  the  people  who  have  been  related  to  this 
problem,  because  we  had  a very,  very  long  but  fruitful  session  from  7 until  11:30  In  the  evening.  During 
this  session  we  talked  about  the  experimental  needs  and  the  way  the  theoreticians  should  follow.  He  have 
heard  many  opinions  with  regard  to  the  experimental  data.  The  opinion  was  expressed  that  we  probably  have 
enough  Information  already  to  start  Improving  theoretical  models,  that  would  at  least  provide  us  with 
engineering  estimates.  However,  some  people  suggested  that  It  Is  necessary.  If  we  really  want  to  under- 
stand the  mechanism  and  the  real  physics  of  the  phenomenon,  to  collect  even  more  data  and  especially  with 
regard  to  the  statistics  of  an  unsteady  turbulent  boundary  layer  In  fact,  all  the  experimentalists  were 
urged  to  try  to  get  more  accurate  data.  Specifically,  It  was  suggested  that  the  experimentalist  should 
keep  In  mind  that  the  theoretician  who  attempts  to  calculate  the  same  flow  field,  will  also  need  very 
accurate  Initial  and  boundary  data.  Of  course,  we  would  need  to  have  data  for  turbulent  boundary  layers 
over  a flat  plate,  with  adverse  or  favorable  pressure  gradients  and  turbulent  boundary  layers  that  separ- 
ate. With  regard  to  the  attempts  of  Improving  the  theoretical  models,  again  different  opinions  were 
suggested.  One  group  felt  that  as  far  as  the  engineering  applications  of  the  Immediate  future  are  con- 
cerned, It  would  be  perhaps  quite  satisfactory  to  go  ahead  with  approximate  empirical  models  (after  all, 
they  are  all  empirical).  It  would  be  quite  satisfactory  to  come  up  with  an  integral  method,  for  example, 
that  would  really  give  us  some  quick  answers.  The  opposite  opinion  was  also  expressed.  Most  of  all.  It 
was  agreed  that  the  efforts  internationally,  or  at  least  In  the  western  world,  ought  to  be  somehow  organ- 
ized and,  at  least,  the  minimum  we  could  do  would  be  to  try  to  collect  In  a unified  way  all  the  existing 
experimental  data  and  try  to  standardize  It,  The  place  was  decided  to  be  Ames,  California.  Now  I will 
pass  the  ball  to  Dr.  Carr,  who  organized  yesterday's  meeting,  led  the  discussion  and  volunteered  to  run 
a "data  bank". 


Dr.  Carr 

Prof.  Tellonls  has  covered  quite  well  what  went  on  In  our  two-hour  session  last  night. 
The  essence  of  our  conclusions  Is  that  we  have  done  much  in  tenss  of  theoretical  prediction,  without 
having  much  experimental  data  to  back  this  up  or  test  the  theories.  At  this  point,  we  are  hoping  that 
experimental  work  will  be  done  accurately  and  with  the  specific  Intent  of  Identifying  the  mlnlsiim  set  of 
Infonsatlon  that  could  test  the  theories.  For  example,  measurements  of  velocity  profiles  should  be  made 
before  separation,  where  we  can  make  measurements  accurately  and  know  that  they  can  be  satisfactorily 
documented.  These  profiles  can  Chen  be  given  Co  th'  theoreticians  as  test  cases. 


Prof.  Youn 


discussion! 


Would  anyone  else  who  was  present  at  Che  gathering  last  night  like  to  comment  on  the 


Dr.  Patel 

We  have  heard  some  excellent  contributions  to  the  science  of  separated  flows.  Going  off 
on  a slightly  different  tack,  however,  in  progressing  Cowards  the  refinement  of  theoretical  models  for 
tackling  the  unsteady  separation  problem,  would  It  not  be  advisable  to  concentrate  first  on  obtaining 
"reasonable"  agreement  between  these  models  and  experiment  for  attached  unsteady  turbulent  boundary  layers 
over  a variety  of  flow  conditions?  More  experimental  data  are  obviously  necessary  for  this  to  be  possible 
and  the  work  of  Coustelx  and  his  co-workers  Is  a step  In  Che  right  direction.  I feel  that  there  Is  some 
way  to  go  before  theoretical  nxxlels  can  adequately  predict  the  attached  unsteady  turbulent  boundary  layer. 
Once  this  Is  done,  however,  the  separation  problem  In  unsteady  flow  can  be  considered  with  a more  complete 
understanding  of  the  flow  field  preceding  it. 


Prof.  Touna 

I wonder  If  there  is  any  Intention  whan  calling  on  people  to  provide  data  to  issue  some 
written  guidance  as  to  Che  sort  of  data  that  you  think  would  be  most  helpful. 


Dr.  Patel 


to  continue  that. 


He  discussed  it  adequately  last  night,  and  perhaps  Prof.  Tellonls  or  Dr.  Carr  would  like 


Dr.  Carr 

We  arc  not  yet  In  a position  to  say  what  the  "complete"  set  of  data  would  be  like.  How- 
ever, reviewing  what  we  discussed  last  night,  the  point  that  Dr.  Patel  has  made  was  excellent.  He  should 
look  at  the  flow  ahead  of  the  aaparatlag  region.  For  example,  we  should  fully  document  the  flow  field 
for  an  attached  unsteady  boundary  layer  with  a strong  pressure  gradient  so  that  there  Is  a very  clear 
indication  that  you  are  Imposing  unsteady  flow  conditions  on  an  attached  boundary  layer,  rather  than  In 
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the  region  of  flow  reversal.  The  minimum  level  of  documentation  would  be  velocity  profiles,  the  next 
level  of  detail  may  be  measurement  of  turbulent  spectra.  For  a long  time  the  question  of  measuring  tur- 
bulent spectra  was  thought  of  as  alsiost  passd.  I think  that  at  this  point  It  might  be  a subject  to  be 
reconsidered.  We  do  not  have  a written  set  of  guidelines  at  this  time,  but  we  hope  to  be  able  to  give 
such  guidance  In  the  future. 

Prof.  Young 

Prof.  Bogdonoff,  I was  waiting  for  your  conments. 

Prof.  Boadonoff 

I come  to  this  meeting  from  quite  a different  background,  so  my  comsents  have  a certain 
perspective,  but  also  reflect  some  Ignorance  about  the  detailed  problems.  Let  me  discuss  the  questions 
of  boundary  layers,  which  1 know  a little  bit  about.  There  are  currently  many  people  who  are  working  on 
turbulent  boundary  layers,  and  turbulent  boundary  layer  separation  in  high  speed  flows.  Many  of  the  com- 
ments which  came  up  in  this  meeting  are  similar  to  comments  that  have  been  made  in  other  fields. 

There  are  a couple  of  general  views  that  I would  like  to  express;  First;  I was  glad  to 

hear  that  the  group  last  night  decided  that  you  need  more  experiments.  1 was  overwhelmed,  and  very  much 
Impressed,  by  what  this  group  was  able  to  do  with  computational  techniques.  1 would  like  to  express  a 
great  deal  of  skepticism  with  regard  to  whether  there  Is  any  connection  whatsoever  between  what  many 
people  are  calculating  and  the  real  world.  There  Is,  as  has  been  pointed  out  by  Mr.  Carr,  a lack  of  exper- 
imental results  to  show  that  the  computations  match  real  flows.  Your  field,  as  with  other  fields.  Is  going 
to  have  to  determine  some  guidelines  or  guldeposts,  l.e.,  some  critical  well-defined,  experiments  which 
tell  you  whether  any  of  the  coaqnitatlonal  methods  are  correct.  The  check  of  one  computational  method 
against  another,  at  least  to  me,  lends  no  validity  to  the  truth  of  the  final  result.  Second;  A very  per- 
sonal observation  which  has  something  to  do  with  the  fact  that,  for  the  last  couple  of  years  my  own  group 
has  bean  involved  In  three-dimensional  flows,  after  some  30  years  of  work  on  two-dimensional  flows.  I say, 
with  a great  deal  of  feeling  at  this  point,  that  I am  not  sure  that  much  of  the  work  which  I did  over  the 
past  30  years  makes  a lot  of  sense  In  real  applications.  The  work  Is  being  used  as  a base  to  check  com- 
putational programs.  It  has  been  used  In  many  applications,  but  our  work  over  the  last  3 or  4 years  In 

the  flows  has  opened  up  completely  new  fields.  My  background  In  two-dimensional  flows 

has  been  a hindrance,  not  a help.  At  least.  In  many  of  the  things  that  we  have  looked  at  recently,  start- 
ing with  a wall  unde  ood  two-dimensional  flow,  does  not  prepare  you  for  many  aspects  of  three-dimensional 
f lows . 

I WMild  like  to  suggest  that  there  Is  perhaps  a philosophical  question  Chat  ought  to  be 
considered.  Many  people  have  done  two-dlswnslonal  work  and  are  going  to  do  it  better  and  better  and 
better.  I hear  that  all  we  need  Is  a turbulence  model,  I doubt  whether  anything  unique  Is  going  to 
happen  In  turbulence  modelling  In  the  next  several  years.  Many  computational  people  seem  to  feel  that  you 
simply  do  It  better  and  better,  with  a finer  grid,  and  a bigger  computer,  and  more  memory,  and  faster. 

Then  we  will  add  a turbulence  model.  1 would  suggest  that  perhaps  a more  productive  view  might  be  not  Co 
get  Into  finer  detail  for  two-dlsienslons,  but  very  crudely  try  to  do  three-dimensions.  If  there  Is  any 
parallel  at  all  bc-Cwcen  your  boundary  layers  and  loy  boundary  layers,  and  I Chink  that  they  come  from  the 
same  place,  I believe  you  will  find  all  sorts  of  new  things  - not  new  In  that  they  have  been  there  all 
the  tlsw,  we  Just  have  not  really  looked  at  them  - In  three-dimensions,  I really  hope  that  some  of  you 
will  consider  this. 

In  our  own  field,  we  have  found  three-dimensional  shock  wave  boundary  layer  Interactions 
which  arc  completely  different  than  anything  that  we  thought  about  before  we  started  making  these  expert- 
smnts.  I hear  you  talking  about  two-dlsmnslonal  vortices,  but  you  know  that  there  Is  no  such  "animal". 
Vortices  are  going  to  drive  you  laadM  They  are  not  two-dimensional,  and  you  will  not  find  out  about  what 
they  do  to  you  until  you  look  In  three-dimensions.  I hope  thst  you  will  not  wait  until  you  get  the  two- 
dlmanslonal  problesw  completely  solved,  but  will  start  now  to  look  at  three  dimensions.  I chink  the  real 
problems  are  there,  and  It  Is  clearly  the  real  world. 

Prof.  Youna 

Thank  you  very  much.  Those  were  very  stimulating  remarks  which  I am  sure  we  will  all 

think  about. 

Dr.  Tlldeman 

Watching  the  session  of  unsteady  boundary  layers,  1 got  a little  bit  confused  about  the 
way  the  methods  have  to  be  used  In  applications  to  oscillating  airfoils.  In  my  review  on  unsteady  tran- 
sonic flows,  1 mentioned  the  Important  effect  of  the  boundary  layer  on  the  airloads  of  oscillating  alrfoila 
and  stressed  the  need  for  sosw  knowledge  to  Increase  the  accuracy  of  the  theoretical  predictions  by  Imple- 
mentation of  unsteady  boundary  layers.  As  far  as  1 know  the  only  approach  Chat  works  at  this  moment  is 
the  so-called  "vlscous-ramp"  method  presented  by  Dr,  Yoshlhara.  1 would  like  to  ask  him  what  he  needs  for 
that  type  of  calculation  and  whether  he  has  got  some  new  Ideas  about  the  way  In  which  the  effect  of  the 
boundary  layer  can  be  Introduced  after  the  sessions  on  unsteady  boundary  layers  presented  during  this 
swetlng. 

Dr.  Yoshlhara 

The  viscous  ramp  concept  was  conceived  to  bypass  the  need  of  detailed  boundary  layer  mea- 
sureawnts.  It  requires  only  smasurements  of  surface  pressure  distributions,  but  such  measurements  must  be 
free  of  wind  tunnel  wall  Interference.  The  viscous  displacement  modeling  Is  then  accomplished  by  a numer- 
ical computation  by  using  the  above  smasured  pressure  distributions.  On  a longer  time  scale,  the  experi- 
mentalist could  be  very  helpful  by  developing  Information  to  evolve  even  the  crudest  of  turbulent  transport 
models  applicable  for  shock-induced  separations. 

Prof.  Young 

We  should  now  pass  on  to  the  next  session,  which  Is  a major  one  of  viscous  Invlscld  Inter- 
actions and  Includes  the  dynamic  stall.  Here  1 would  Ilka  to  ask  Dr.  NeCroskey  to  offar  his  coaents.  He 
Is  one  of  our  bast  experts  on  this  area. 
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Dr.  McCroskev  ■ 

I will  make  a few  brief  comments  on  this  session,  and  If  I have  tloie  and  can  think  of  the  i j 

right  words  before  the  end,  I will  see  If  I can  refute  my  foroier  Professor  about  the  two-dimensional  f { 

assumptions.  You  will  recall  that  the  last  paper  In  our  regular  session  was  by  Mr.  Panaras  of  Greece,  * j 

with  a spike  In  front  of  the  body.  I cannot  comment  a great  deal  on  the  ultimate  utility  and  significance  t 

of  that  paper,  but  It  struck  sie  as  a most  interesting  Investigation  that  will  find  a useful  place  in  some  1 j 

parts  of  the  engineering  consunlty,  * 

The  paper  by  Mr.  Dyment  Included  both  the  high  speed  flow  visualisation  and  some  discrete  ^ 

vortex  sKJdelllng  of  blunt  bodies.  The  latter  Is  an  area  which  has  been  worked  on  for  a long  time  and  is  f j 

far  from  totally  resolved.  It  seems  to  me  that  In  this  subject  of  what  you  might  call  vortex  shedding  < { 

from  bluff  bodies,  that  the  real  crux  of  whether  or  not  a method  Is  going  to  ultlsiately  be  correct  and  • I 

useful  to  engineers.  Is  whether  It  can  correctly  predict  the  side  forces,  the  unsteady  lift.  Unfortunately,  i 

that  aspect  Is  seldom  examined  when  an  analysis  Is  first  published,  and  such  was  the  case  here.  ] 

M.  Angellnl  touched  on  one  aspect  of  the  problem  of  aeroelastlclty,  the  retreating  blade  j 

stall  problem  on  helicopter  blades,  and  that  leads  me  into  the  discussion  of  the  resialnlng  papers.  You  | 

recall  H.  Philippe's  excellent  review  that  gave  you  a good  Impression  of  the  dynamic  two-dloienslonal 
approximation  to  the  aerodynamic  loads  on  a helicopter  blade.  In  the  real  world  there  are  certainly  three- 
dimensional  effects  which  are  sometimes  Important  and  sometimes  appear  to  be  not  so  important.  We  think 
we  have  identified  this  vortex  shedding  phenomenon  as  being  responsible  for  the  large  change  In  the  un- 
steady pitching  moment,  which  translates  Into  vibrations  In  the  control  system  of  the  rotor.  This  can  be 
explained  pretty  well  with  the  two-dimensional  model.  However,  In  the  actual  rotor  application,  there  is 

a portion  of  the  rotor  disc,  after  the  flow  Is  fully  separated.  In  which  the  three-dimensional  effects 

are.  In  fact,  quite  Important.  In  this  case  the  (nominally)  two-dimensional  tests  do  not  seem  to  give 
the  right  aerodynamic  forces, 

I would  like  to  return  now  to  the  papers  which  discuss  various  aspects  of  separation  on 
oscillating  airfoils.  Dr.  Ericsson  spoke  about,  among  other  things,  Reynolds  nuisber  effects  In  these 
kinds  of  unsteady  situations.  He  addressed  what  I would  call  the  high  end  of  the  Reynolds  number  spectrum, 
from  about  one  million  on  up,  corresponding  to  many  of  the  practical  applications.  He  find  In  the  papers 
here,  that  with  all  these  other  unsteady  parameters  we  have  to  contend  with,  Reynolds  number  may  be  rather 
Important.  New  results  were  shown  for  relatively  low  Reynolds  numbers  from  the  point  of  view  of  applica- 
tions, but  for  rather  high  Reynolds  numbers  from  the  point  of  view  of  the  computational  community.  There 
were  three  papers  on  laminar  Navier-Stokes  calculations,  with  Re  of  order  Kp  to  10^.  The  two  experi- 
mental papers  were  for  Reynolds  numbers  of  the  order  of  10^  or  so.  In  his  review,  M.  Philippe  showed  that 
the  general  qualitative  features  of  the  vortex  shedding  look  very  similar  at  Re  » SOOO  and  at  1.5  million. 

But  when  you  look  at  the  hysteresis  loops  of  the  aerodynamic  forces  and  moments  as  a function  of  the  In- 
cidence, they  are  much  more  different  than  I had  hoped,  when  1 first  encouraged  these  laminar  Havler-Stokes 
calculations. 

Regardless  of  their  practical  utility  for  high  Reynolds  numbers,  we  are  still  left  with 
the  question  of  how  to  validate  these  Navier-Stokes  codes.  Dr.  Mehta  mentioned  the  possible  contamination 
of  the  low-Reynolds  number  experiment  by  turbulence.  We  were  fortunate  to  have  three  authors  calculate 
the  same  problem,  the  Impulsively-started  airfoil  at  a Reynolds  number  of  1000,  calculated  by  three  dif- 
ferent codes.  The  agreement  was  stated  to  be  satisfactory.  However,  Mehta's  and  Hu's  calculations  appear 
to  be  diverging  at  large  times.  Mehta's  and  Kinney's  calculations  differed  by  about  10  Z In  lift  coef- 
ficient and  by  about  the  same  numerical  value  In  pitching  moment,  but  the  percentage  discrepancy  in 
was  quite  a bit  more.  After  going  through  this,  I feel  that  the  codes  are  probably  basically  correct,  but 
they  are  really  not  fully  validated.  The  question  Is  where  to  go  next  and  how  much  emphasis  to  put  on 
continuing  these  kinds  of  calculations,  I really  do  not  know  what  recommendation  to  make  at  this  point. 

There  are  three-dimensional  effects,  and  other  things  that  were  not  mentioned  In  this 
session,  such  as  the  difference  between  pitching  and  plunging  motion.  I mentioned  briefly,  in  connection 
with  the  paper  by  Rebont  and  Haresca  this  morning,  the  Importance  to  the  engineer  of  the  unsteady  drag. 

In  terms  of  trying  to  get  practical  Information  out  of  all  of  these  basic  studies  of 
dynamic  stall,  as  well  as  the  unsteady  boundary  layer  work,  someone  needs  to  determine  how  the  boundary- 
layer  vortlclty,  l.e.,  the  surface-generated  vortlclty,  feeds  this  vortex  shedding  phenomenon  that  seems 
to  be  responsible  for  the  unusual  aerodynamic  forces.  From  a fundamental  point  of  view,  that  Is  a very 
Important  question,  but  It  Is  also  crucial  to  the  development  of  good  engineering  analyses.  There  is  a 
great  need  for  further  empirical  correlations,  but  that  approach  will  always  be  marginal  until  we  have  a 
better  theoretical  understanding  of  this  general  flow  problem. 

Prof.  Youna 

Does  anyone  want  to  comment  or  add  to  these  last  remarks? 

Dr.  Peake 

This  Is  not  directly  relevant  to  your  resuirks,  but  perhaps  I could  address  a question  to 
Prof.  Tellonls.  Would  he  expect  that  his  unsteady  flow  separation  model  would  have  any  relevance  In 
three  dlswnaions? 

Prof.  Tellonls 

Yes. 

Dr.  Peake 

Why  and  how? 

Prof.  Tellonls 

I would  rather  avoid  answering  your  question  directly,  because  I am  not  sure  what  I want 
to  put  forward  Just  now.  I ended  my  discussion  on  this  topic,  by  saying  that  we  may  need  to  find  a way 
In  which  energy  is  transferred  Into  a clearcut  unsteady  vortex.  1 say  claarcut,  because  wakes  are  usually 
made  up  of  a large  number  of  vortices  whose  site  and  strength  are  random  quantltlas.  To  tell  you  the 
truth,  1 am  amased  with  the  fact  that  those  nice  recirculating  flows  can  exist  In  flows  with  very  large 
Reynolds  numbers.  1 feel  that  maybe  there  Is  still  a lot  of  information  contained  In  tha  boundary  layer 
that  could  tell  us  somsthlng  about  tha  mschanlsm  of  this  phanomsnon.  Hs  should  be  able  to  find  out,  what 
portion  of  the  free  flow  which  is  coming  on,  is  going  to  be  entrapped  In  the  growing  vortex  and  become 
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wake.  1 think  this  happens  through  the  boundary  layer.  There  Is  no  doubt  that  It  Is  due  to  the  presence 
of  the  skin.  This  Is  not  an  Invlscld  flow  phenonenon.  You  asked  ne  about  our  niodel.  There  has  never  been 
any  particular  model  proposed  by  our  group.  The  only  thing  that  we  tried  to  put  forward  was  that  first  of 
all,  zero-skin  friction  has  nothing  to  do  with  separation  In  general.  Experimental  Justification  followed 
our  numerical  analysis.  Then  our  main  argument  was  that  the  first-order  unsteady  boundary  layer  contains 
the  information  that  something  peculiar  is  happening  as  separation  Is  approached.  As  such,  we  have  Inter- 
preted the  fact  that  the  boundary  layer  Is  thickening,  some  properties  grow  suddenly  very  large;  perhaps 
In  an  orderly  way,  like  with  the  Inverse  square  root  of  the  distance  from  separation.  I do  not  want  to 
say  that  It  Is  exactly  the  Goldstein  singularity.  All  I am  saying  Is  that  the  boundary  layer  equation, 
the  unsteady  or  steady.  If  correctly  Integrated,  could  probably  tell  us  that  sosiethlng  Is  going  to  happen, 
and  that  the  outer  flow  will  finally  be  forced  to  cease  following  the  contour  of  the  body.  Does  this 
answer  your  question? 

Dr . Peake 

Not  really.  I am  going  to  throw  It  over  to  Jim  McCroskey,  Perhaps  I could  ask  him  very  | 

briefly  how  much  of  the  rotor,  for  example,  on  the  typical  helicopter,  would  he  feel  he  could  allow  his  I 

two-dimensional  representation  of  the  flow  field  to  be  a reasonable  model.  Then  could  he  say  what  changes 
to  the  models  that  we  really  have  been  seeing  all  through  this  meeting,  would  he  expect  to  happen  as  he 
went  out  towards  the  tip?  vihat  does  the  spaiwlse  bleeding  effect  In  the  viscous  flow  do  to  the  situation? 

Dr.  McCroskey  | 

It  Is  difficult  to  address  In  a few  words  the  helicopter  rotor,  but  there  are  large  seg-  • 

ments  of  the  rotor  blade  which  are  neither  transonic  nor  separate),  on  which  fluctuating  aerodynamic 
forces  act.  Apart  from  some  uncertainty  about  the  trailing  vortlclty  and  the  wake  problem,  the  airloads 
In  these  segments  can  be  predicted  rather  well.  However,  severe  problems  occur  In  those  narrow  zones 
that  are  transonic  or  that  have  separation.  As  I was  saying  a looment  ago,  the  early  stages  of  the  onset  I ! 

of  stall  on  rotor  blades  appear  to  be  roughly  analogous  to  this  nominally  two-dimensional  oscillating  air-  | 

foil  business  that  we  have  been  doing.  But  after  the  primary  vortex  passes  off  the  trailing  edge,  there 
is  strong  evidence  that  the  three-dimensional  aspect  of  the  flow  becomes  very  Important,  and  that  the 
aerodynamic  loads  are  no  longer  the  same  as  the  two-dimensional  results. 

I have  been  talking  In  rather  large-scale,  gross  engineering  terms.  What  1 had  hoped  to 
address  to  your  Initial  question  was  something  a bit  different,  as  follows:  One  of  the  characteristic 
features  that  we  observe  in  the  analyses.  In  the  computational  experiments,  and  In  a few  experiments  with  ’ 

limited  separated  regions.  Is  a basic  difference  between  steady  and  unsteady  two-dimensional  boundary 
layers.  This  difference  Is  the  appearance  of  the  thin  layer  of  reversed  flow  near  the  surface  before  any  ) 

catastrophic  breakdown  of  the  main  flow  field.  With  the  exception  of  leading  edge  laminar  bubbles,  there  { 

are  not  many  examples  of  such  behavior  In  two-dimensional  steady  flows.  But  it  Is  a characteristic  fea- 
ture that  often  precedes  large-scale  turbulent  separation  In  real  flows  and  It  Is  distinctly  different  In  { 

the  unsteady  and  the  steady  case.  We  have  Identified  this  phenomenon  within  the  framework  of  two-dlmen-  1 

sional  Ideas.  I .eel  that  something  analogous  will  be  carrying  over  Into  three  dimensions,  but  we  do  not 
know  very  such  about  that  problem  at  all.  Just  as  three>dlmenslonal  steady  separation  Is  quite  different  ’ 

In  practice  from  two-dimensional,  I suspect  that  three-dimensional  unsteady  separation  will  have  some 
more  hidden  features  that  we  have  not  looked  at.  Nevertheless,  the  utility  of  what  has  been  done  so  far 
Is  to  tell  you  In  your  three-dimensional  problems  to  look  for  this  thin  layer  of  reversed  flow  beneath  a { 

well-organized  outer  boundary  layer  flow,  something  that  Is  not  found  In  a steady  boundary  layer. 

Dr.  Ericsson 

I would  like  to  emphasize  Prof,  Bogdonoff's  point.  There  Is  no  such  thing  as  two-dimen- 
sional or  axlsynoetrlc  separated  flow.  One  finds,  for  example,  that  there  Is  a spanwlse  (or  axial)  flow 
component  In  the  wake  of  a (two-dismnslonal)  cylinder,  and  that  this  Is  necessary  for  unsteady  Karman  type 
vortex  shedding  to  exist.  Restricting  this  spanwlse  (or  axial)  flow  exchange  by  the  use  of  side  plates 
stops  the  Karman  vortex  shedding,  as  was  shown  mathesmtlcally  and  experimentally  by  Thelsen  In  the  Fifth 
AIAA  Aerospace  Sciences  Meeting,  Jan.  1967  (AlAA  Paper  No.  67-34).  Moss  and  Murdln  (ARC  CP  No,  1145,1971) 
and  Gregory,  et  al.  (ARC  CP  No.  1146,1971)  found  similar  large  spanwlse  flow  effects  on  the  dynamic  stall 
of  a NACA-0012  airfoil.  McCroskey,  et  al.  found  In  their  oscillatory  dynamic  stall  test  that  this  span- 
wise  flow  influence  was  present  unless  they  Increased  the  frequency  above  k • 0.2,  when  It  effectively  was 
filtered  out  (AIAA  Paper  No.  75-125).  Furthermore,  to  emphasise  Peake's  comment,  1 believe  strongly  that 
there  Is  a spanwlse  flow  Influence.  1 thought  1 saw  data  presented  yesterday  showing  that  even  a moderate 
sweep,  like  35*  or  25*,  gave  widely  different  dynamic  stall  loops  than  those  measured  at  zero  sweep. 

Finally,  If  you  consider  a highly  swept  wing,  such  as  the  delta  wing,  you  find  that  the  effect  of  leading 
edge  roundness  on  the  unsteady  aerodynamic  characteristics  Is  largely  accounted  for  If  one  considers  the 
effect  of  roundness  to  delay  the  static  stall  If  the  crossflow  plane  normal  to  the  leading  edge  (AIAA 
Paper  No.  76-19).  This  Is  In  sharp  contrast  to  the  two-dimensional  case,  where  leading  edge  roundness 
can  provide  as  much  as  100  X "extra"  dynamic  overshoot  of  static  c^ngx*  For  the  delta  wing  It  appears 
that  a strong  three-dimensional  organization  of  the  flow  dominates  over  these  two-dlswnslonal  dynamic 
effects  In  the  crossflow  plane.  I think  that  the  comsmnts  made  earlier  by  Prof,  Bogdonoff  and  Dr.  Peake 
are  very,  very  pertinent.  We  need  to  look  further  Into  these  three-dimensional  flow  compllcatlona.  There 
Is  no  such  thing  as  two-dimensional  separated  flow. 

Prof.  Youna 

There  Is  time  for  another  comment,  but  1 do  not  want  to  get  into  another  discussion  going 
to  half  past  eleven  tonight,  because  I do  not  think  many  of  you  will  survive  It. 

Mr.  Dixon 

We  are  also  studying  the  leading  edge  vortex  flow  with  a viscous  model,  a Navler-Stokes 
model,  a hybrid  model  which  Includes  potential  flow  for  boundary  conditions  and  a boundary  layer  for  lead- 
ing edge  vortlclty  and  direction  to  feed  Into  the  Navler-Stokes  model.  He  have  found  that  the  position 
and  strength  of  the  leading  edge  vortex,  Is  highly  a function  of  the  strength  of  the  leading  edge  vortlclty 
and  Its  direction  as  It  coiscs  off  the  leading  edge.  Of  course,  this  depends  on  the  shape  of  the  leading 
edge,  I would  also  like  to  make  another  comment  about  two  papers  today  concerning  the  oscillating  airfoil 
In  the  horizontal  plane;  one  In  which  the  wind  tunnel  flow  was  oscillating,  and  one  In  which  the  model 
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was  oscillating.  The  one  where  the  wind  tunnel  was  oscillating,  the  pressure  was  also  oscillating.  1 
have  a question.  Is  that  really  a good  simulation  of  free>stream  condltionsT 

Prof.  Youna 

1 think  perhaps  I might  comment  on  that  particular  point.  Clearly,  the  situation  when  you 
have  the  model  oscillating  it  different  in  a number  of  respects  from  that  where  you  have  the  flow  oscil- 
lating. But  when  you  coise  to  an  actual  aircraft,  you  might  have  both  types  of  motion  involved  or  either, 
so  we  really  want  to  know  something  about  what  happens  in  both  cates.  When  an  aircraft  is  flying  in 
gusts,  of  course,  it  is  the  airflow  that  is  moving,  to  to  speak,  whereas  for  flutter  problems,  you  are 
more  particularly  concerned  with  the  aeroelastlc  effects  and  therefore  with  the  awtion  of  the  aircraft. 

1 do  not  think  that  one  can  say  that  one  it  correct  and  the  other  it  incorrect.  They  are  both  inputs 
toward  the  general  problem. 

Mr.  Diaon 

Vihat  I was  referring  to  was  the  oscillating  pressure.  You  do  not  have  oscillating  pressure 
in  flight  conditions.  In  a tunnel  where  you  are  oscillating  the  wind  tunnel  velocity  you  do  have  oscil- 
lating static  pressure.  1 wonder  what  effect  that  has. 

Prof.  Young 

Oscillating  static  pressure,  by  this  do  you  mean  the  suin  stream  pressureT  I do  not  know 
that  the  situation  there  is  really  any  different  from  flying  into  a gust,  is  ItT 

Dr.  Patel 

If  I may  Just  make  a comnent  on  that;  during  work  related  to  paper  Ho.  4 on  the  gust  tunnel 
studies  of  forces  on  a rectangular  and  swept  wing,  1 looked  at  this  question  of  the  static  pressure  vary- 
ing. The  static  pressure  would,  in  fact,  vary  for  any  test  section  which  has  an  oscillating  device  that 
restricts  the  flow  in  order  to  alter  the  wind  velocity  periodically.  In  these  cases,  there  is  nothing 
that  can  be  done  to  alleviate  the  effects  of  the  oscillating  static  pressure.  For  the  gust  tunnel  work 
described  in  paper  No.  4,  the  static  pressure  in  the  flow  remains  constant.  The  vertical  velocity  gust 
oscillations  are  induced  by  the  tunnel  flow  streamlines  which  are  altered  in  shape  as  they  are  approaching 
the  sndels. 

Prof.  Young 

I think  perhaps  that  the  time  has  come  to  wind  up  these  proceedings.  If  I may  be  allowed 
one  coaseent  on  this  question  that  Dave  Peake  raised  which  threatened  to  start  off  a completely  new  ses- 
sion, it  seeios  to  me  that  it  is  a very  difficult  problem  to  define  in  a precise  way  what  we  mean  by 
separation  in  general.  Insofar  as  it  involves  the  diffusion  of  vorticity  into  the  mainstream  flow  at  a 
certain  stage,  whether  in  two  dimensions  or  three,  it  also  implies  a very  radical  change  in  the  flow  pat- 
tern and  a change  in  the  energy  of  the  flow.  The  separated  flow  has  a good  deal  of  inertia,  and  if  you 
start  trying  to  move  it  around  by  oscillating  the  body  or  by  oscillating  the  stream,  you  must  expect  that 
its  response  is  going  to  be  less  marked  and  more  sluggish,  because  of  its  inertia,  than  the  flow  in  the 
attached  boundary  layer.  To  this  extent  it  seems  to  me,  that  the  kind  of  picture  that  Prof.  Telionis  has 
put  forward,  and  which  we  have  seen  demonstrated  in  many  experiments  in  two-dimensions  is  valid  in  gen- 
eral. (I  will  put  the  two-disienslons  in  inverted  commas  if  you  like.) 

Dr.  Peake 

I think  I would  agree  with  that,  but  1 understood  Prof.  Telionis  to  say  that  one  of  the 
characteristic  distinctive  features  of  the  flow  fields  that  he  has  seen,  has  been  this  reversal  of  the 
layer  very  close  to  the  wall  prior  to  or  perhaps  as  providing  the  signal  that  "things  are  really  happen- 
ing in  an  unsteady  two-dimensional  separation  fashion".  What  my  query  would  be  is,  would  the  spanwlse 
effect  of  flow  in  the  third  dimension  Just  resiove  this  particular  reverse  flow  or  would  it  not! 

Prof.  Young 

I would  expect  it  to  have  such  the  same  effect  whether  it  is  in  two  dimensions  or  three. 
However,  I think  perhaps  we  ought  to  close  these  proceedings,  and  it  is  my  pleasant  task  at  this  late 
hour  to  thank  all  of  my  colleagues  on  the  program  coniittee  for  their  help  in  organising  this  meeting, 
and  to  thank  all  the  lecturers  who  gave  us  their  presentations  through  these  three  rather  full  days.  In 
particular,  I would  like  to  thank  my  fellow  colleagues  of  this  Round  Table  Discussion  for  their  final 
inputs  into  the  meeting.  Again,  thank  you  all  for  coming. 

Mr.  Harttuiker 

Prom  the  movement  in  the  room  and  the  noise,  1 am  quite  sure  you  are  eager  to  go  out,  but 

1 can  not  let  you  go  yet.  I think,  from  my  own  experience,  it  is  well  known  that  a tremendous  amount  of 

preparation  goes  into  a symposium  like  this.  It  is  a lot  of  time  and  effort  and  from  that  point  of  view 
1 think  we  should  thank  Prof.  Young  for  what  he  has  done  as  Chairman  of  the  Program  Coasalttee  for  this 
symposium.  Furthermore,  I would  like  to  thank  the  local  coordinator  for  this  meeting,  Mr.  Markham  and 
his "assistant"  Dr.  Orlik-Ruckemann,  for  what  they  have  done  locally.  I am  quite  sure  that  without  their 
efforts  this  meeting  would  not  have  been  possible.  1 would  like  to  thank  the  interpreters.  I an  quite 
sure  that  without  their  excellent  contributions  we  would  not  have  had  the  success  we  have  had.  Thank  you 
very  asich.  After  also  thanking  the  technicians  who  recorded  the  final  Round  Table  Discussion,  1 think  I 

can  close  off  this  meeting.  1 hope  it  has  been  Inspiring  to  you.  If  there  is  any  possibility  that  the 

Fluid  Dynamics  Panel  could  help  you  in  the  future  or  if  you  have  suggestions,  please  contact  us.  Thank 
you  very  aich. 
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The  Symposium  identified  the  need  for  carefully  conceived  experimental  unsteady  flow  data, 
particularly  for  both  unseparated  and  separated  two-  and  three-dimensional  turbulent 
boundary  layers.  Detailed,  accurate  measurements  of  critical  flow  parameters  was  encouraged. 
It  was  agreed  that  linearized  theories  of  unsteady  inviscid  flows  provided  a useful  basis  for 
many  engineering  applications,  particularly  in  the  early  design  stages  of  aircraft,  but  for  more 
reliable  calculations  in  the  transonic  and  supersonic  regimes  the  emphasis  should  be  on  deve- 
lopment of  non-linear  numerical  methods.  Transonic  numerical  codes  are  increasingly  efficient 
but  their  validity  and  accuracy  needs  assessment.  Future  calculations  should  include  boundary 
layer  effects  even  if  no  shock-wave  interaction  is  included.  The  importance  of  Reynolds 
number  on  the  dynamic  stall  was  indicated.  It  was  advised  that  serious  consideration  should 
be  given  to  the  development  of  a manual  aeroelasticity  for  turbo-machines.  An  important 
factor  in  determining  the  characteristics  of  a rotor  blade  is  the  interaction  of  the  blade  with 
vortices  shed  by  oth  blades.  Research  is  required  on  the  nature  of  this  interaction  and  its 
effect  on  the  dynamic  stall  of  the  blade. 


